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Liquid Ge (~7 mm diameter) droplets have been 
undercooled 10 - 3 4 2 b e l o w its thermodynamic melting 
temperature, T^, in dehydrated boron oxide flux. They always 
crystallized to the diamond cubic phase. The detailed 
microstructures, e.g., polycrystallinity and nature of 
dendrites at various undercoolings (AT = T^ - T) were 
studied. In the following, different types of dendrites are 
specified by their growth directions. 
For 0 < AT < 60°C, <110> twin dendrites nucleate first 
and they are seeds for the subsequent crystal growth. The 
twin planes in a <110> dendrite always appear in multiple 
numbers and its orientation is {ill}. Furthermore, the free 
surfaces of the dendrite are bounded by {ill} planes forming 
ridges and grooves alternatively. A novel growth mechanism 
is put forward based on the twin plane growth model proposed 
by Wagner earlier. This model predicts the absence of 
branching except in the initial stage of growth, which was 
indeed observed experimentally. Also, from the model, the 
<110> dendritic growth is indeed a combination of two <211> 
twin dendritic growth if the latter ones can maintain their 
-- coherency during growth. 一 
For 60 < AT < 93°C, it was determined that the <211> 
twin dendrites, first discovered by Billig appear initially 
and again they were seeds for subsequent crystal growth. The 
nature of these <211> twin dendrites has been studied in 
detail by Billig and Wagner. The growth depends on the 
- presence of multiple twin planes, same as that in <11。> twin 
• • • , 111 
dendrite. The transition from the <110> to <211〉 twin 
dendrite at AT = 60°C can be explained in the framework of 
the model proposed by us: it is the loss of the growth 
coherency that leads to the dendritic transition. 
For AT > 93°C, it was found that the crystallization is 
also dendritic in nature, although in this case, the <100> 
dendrites appear at the beginning. The <100〉 dendrite, 
without any twin plane, was first discovered by Devaud and 
Turnbull. For undercoolings near the lower regime, during 
crystal growth, <100> dendrites nucleate first and 
subsequent growths on them complete the whole solidification 
process. For undercooling near the upper limit, the growth 
is columnar in nature. 
Grain refinement occurs for AT > 2 3 2 a n d audible 
sound is emitted for AT > 258°C. It was demonstrated that 
cracking of the undercooled specimen is responsible for the 
sound emission. The cause of cracking is proposed to be a 
result of grain refinement. Furthermore, it was determined 
grain refinement originates from a multiplication of 
dendrites. A mechanism is proposed for the grain refinement： 
During c r y s t a l l i z a t i o n , the compressive wave (Ge expands on 
solidification) set up by the rapid dendritic growth 
- recoiled from the liquid Ge-Boron oxide interface would—be ---
minimized by the surrounding boron oxide. It is likely then 
that dynamic nucleation is not the origin of grain 
multiplication. The multiplication of grains is therefore 
attributed to dendritic break-up during solidification. It 
is further suggested that stress is the origin of dendritic 
、 break-up. 
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Chapter One —- Nucleation 
1.1. Introduction 
According to the thermodynamic laws, solidification 
occurs when a liquid metal is cooled below its thermodynamic 
melting temperature, T^. However, many liquid metals can be 
kept in the liquid state at temperatures-below their melting 
point. This implies that there is a barrier for 
solidification. The formation of a new phase of critical 
size from the parent phase is called nucleation. 
1.1.1 Homogeneous Nucleation 
The structural fluctuation model of liquid metals 
suggests that there are small clusters (called nuclei) 
having long range order, identical to the solid phase' 
distributed randomly in the liquid phase. Homogeneous 
nucleation occurs when atoms from the liquid metals attach 
to the clusters continuously. The stability of the clusters 
can be deduced from the change of free energy AG^^^ during 
the formation of the nucleus. 
Consider a nucleus of radius r formed from the liquid 
phase, the total free energy change is given by 
“ - -- - — • ‘ 
AG,, = — rrr^ AG^^ + 47Tr^ cr . (1) 
horn 3 
where AG is the free energy changed when unit volume of 
V — 
- — -- “ 
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liquid is changed to solid and cr^^ is the surface energy of 
the solid-liquid interface. The first term on the right hand 
side of equation (1) is negative when the transition 
temperature T < T^. Its value becomes significant when r is 
large. AG^, which is the ‘driving force' for solidification, 
is approximately (when T = T ) given by L AT/T , where L 
m V m V 
is the latent heat of fusion per unit volume, AT and T are 
m 
the undercooling (T^ - T) and thermodynamic melting point, 
respectively. The second term is the energy contributed by 
the solid-liquid interface, which is the principal barrier 
to the initial crystallization. It is important when r is 
small. Therefore, AG, increases from zero when ir = 0 to a. 
nom 
• * * 
maximum value AG when r = r and then decreases as r > r • 
* 
The dependence of AG^ ^ on r shows that if r is smaller than r 
1 - - - • - ... ‘ 
the system can lower its free energy by dissolution of the 
solid, while those larger than r* the free energy of the 
system decreases by the growth of the solid. This kind of 
nucleation which does not involve any foreign particle is 
termed homogeneous nucleation. The equation for the critical 
nucleus size, r*, is obtained by solving equation (1) for 
dCAGi. ) /dr = 0. The result is 
horn 
- — r* = -_2agi /"AG^ ⑵ 
and the corresponding critical free energy is 
、 1 - 2 
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AG* = 16 TTcr^ ^^  / [3(AGv)2] (3) -
= 1 6 ttct^ i^  T^^/ 〖3(、AT)2] (4) 
The rate of nucleation, I, i.e. the number of nuclei 
formed per unit volume per unit time, may be expressed by 
工 = f 〇 exp [-AG*/(kT)] (5) 
where f^ is the pre-exponential factor, k is the Boltzmann 
constant, T is the temperature (in K) and AG* is the 
raicleation barrier energy. The exponential term is 
proportional to the number of clusters that have a critical 
size which follows the Maxwellian distribution of energies. 
f^ depends on the vibration frequency of atoms, the 
activation energy of diffusion in the liquid and the surface 
* 
area of the critical nucleus. From equation (4), AG is 
9 * 
inversely proportional to (AT) • Therefore, exp [-AG /kT] 
increases with AT. For pure metals, this exponential term 
dominates. When AT is small, the probability of forming a 
nucleus is almost zero. However, when a critical 
undercooling AT is reached, the value of 工 increases 
c 
exponentrally and reaches an observable value (e.g. one 
nucleus is formed for Im^ of liquid in Is) . In this case, 
homogeneous nucleation is said to have occurred. 
.、 1 - 3 
1.1.2 Heterogeneous Nucleation 
In practice, impurities such as container walls, oxides 
and floating inclusions or clusters of impurity atoms are 
unavoidably present in a bulk liquid which catalyze 
nucleation. Therefore, most of the solidification processes 
are heterogeneous in nature. 
Consider a substrate wetting the crystal as shown in 
Fig. 1. The free energy change for the formation of a 
cluster of radius r is 
AG, ^ = V A G + A . c r . + A (cr - cr, ) (6) 
net s V si si sm sm Im 
where V^ is the volume of the spherical cap, AG^ is the free 
energy of crystallization per unit volume of the spherical 
cap, A 1 and A are the areas of the solid-liquid and 
^ si sm 
solid-mould interfaces and cr^^, cr^^ and cr^^ are the surface 
free energies of the solid-liquid, solid-mould and 
liquid-mould interfaces respectively. When equating the 
horizontal surface tensions, we have 
cos a = (CTim - ⑵ 
- and equation (6) can be expressed in terms of the contact 
angle 0 




S(e) = (2 + cose) (1 - cose)2/4 (9) 
S(0) is called the shape factor which is always less than 1. 
From equation (8), • 
AGhet = AGhom S ⑷ (10) 
Compared with the case of homogeneous nucleation, 
r* = -20^31 / AGy and (11) 
AGhet* = • 〜 ？ S(G) /[3(AGv)2] (12) 
= A G , * S (e) (13) 
horn 
o 
s (0) is a monotonous decreasing function of cose (0 ^  9 
* 
<180°) • Therefore ^^^let 土^ small when 0 is small and equal 
to AG, * when 6 = 180°. This implies that the critical 
horn 
undercooling of heterogeneous nucleation is always smaller 
- ——than that of homogeneous nucleation. It is noted that cose 
is proportional to cr^^ - Therefore, a substrate 
incoherent with a solid phase will result in large AG^^^. 
However, it is difficult to predict the onset of 
、 1 - 5 
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heterogeneous nucleation because we lack information about 
the nature of the foreign particles. 
1.2. Experiments to Achieve High Undercooling 
1.2.1 General Reviews 
Various attempts have been made to obtain high 
undercoolings in liquid metals. In 1948, Vonnegut [1] 
developed a method of dividing liquid specimens into 
isolated tiny droplets. When the number of droplets is far 
greater than the number of foreign particles (except the 
coatings on droplet surface) that catalyze nucleation, 
droplets with high undercooling can be obtained. On the 
other hand, if only a small number of particles are removed 
from an aggregate, the probability of these particles 
contain nucleation catalysts is extremely low. Accordingly, 
Turnbull and Cech [2] were able to obtain highly undercooled 
small metal droplets (IO-IOOmiti) . The maximum undercoolings 
obtained for most metals approached 0.18 T^. Later, in 1952, 
by dispersing mercury into tiny droplets coated with mercury 
laurate, Turnbull [3] was able to undercool mercury for 
80。C, i.e. almost 1/3 of its T^. Also, the nucleation was 
homogeneous in nature for it scaled with the volume and not 
the area of the droplets. 
Recently, high undercooling of bulk metals were 
achieved by containerless technique in which the free 
� 1-6 
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surface of the molten specimen is not in touch with any 
solid material. Also, the experiments are performed in an 
ultra high vacuum environment. Two typical containerless 
methods include drop tube [4-8] and electromagnetic 
levitation [9-10]• The Grenoble drop tube [8] of 0.2-m-diam 
is operated in ultra high vacuum regime (4x10 — 10 mbar). 
A metal droplet is created by melting ‘a pendant wire. It 
drops down the tube when liquid-vapour tension is unable to 
support its weight. The droplet cools down by radiation 
during its free fall and the falling time is typically about 
a few seconds. The temperature of droplet is determined by 
its brightness and detected by silicon photodiode detectors. 
Temperatures of the specimen at various positions are 
deduced from isotherm radiative cooling law. The maximum 
undercooling of W and Re obtained were 0.14 T^ and 0.28 T^, 
respectively. In electromagnetic levitation, specimens were 
levitated in controlled atmosphere using electromagnetic 
force. Temperature was controlled by varying the specimen 
position within a levitation coil. Undercoolings as large as 
0 3-0 5 T have been obtained for low melting metallic 
m 
elements. Both drop tube and electromagnetic levitation have 
the intrinsic difficulty of high cooling rates and large 
一 - ——uncertainty in the actual temperature of the specimens. 
Another widely used method is to heat specimens in 
molten oxide such as Pyrex glass [11 & 12] and boron oxide 
[13 sc 14] . The oxide flux, being amorphous, would not 
. • - - - “ “ 
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catalyze nucleatidn. By using boron oxide fluxing technique, 
Kui et al. [13] were able to undercool bulk Pd,^Ni p from 
40 40 20 
molten state to its glass state with a cooling rate of 
l°C/s. Therefore, quasi-thermodynamic equilibrium was 
maintained during the experiment, which enable quantitative 
analysis of the results. 
Devaud and Turnbull [14] applied this technique to Ge 
(0.3 - 0.5mm diam) and obtained a maximum undercooling of 
415±20°C with a cooling rate of 10°C/s. In the present 
studies, the solidification behaviour of undercooled liquid 
Ge was investigated under a well controlled cooling 
environment. The technique employed was the fluxing method 
with boron oxide as the fluxing agent. 
1.2.2 Experimental Details in Obtaining Undercooled Ge 
1.2.2.1 Effects and Limitations of B^O^ 
In a molten boron oxide flux, reactive metals such as 
Mg, Al and Ca etc. that appear as impurities will eventually 
be oxidized since they have stronger affinity for oxygen. 
All these oxides will finally be segregated to the 
metal-boron oxide interface due to gravity segregation and 
then dissolved by b o r o n o x i d e G t A e r - impurities that cannot --
0 
be eliminated by- the above method may be dissociated at high 
temperature. 
B 0 is effective in removing heterogeneous impurities 
2 3 
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only when it is in anhydrous state. Thus, fluxing 
experiments are usually performed in evacuated (~lxlO~^ 
Torr) environment. Elements satisfying the following 
conditions are eligible for using boron oxide technique ： 
(1) Materials to be purified must have their oxides at a 
higher position than boron oxide in the Ellingham diagram 
(Fig. 2). i.e., the element should -have lower oxygen 
affinity than B so that the element concerned will not be 
oxidized during fluxing, (2) the element should have a 
higher density than boron oxide so that it can be covered by 
molten boron oxide and protected by it, (3) it should not 
react with boron oxide, and (4) the saturated vapour 
pressure of the element at the fluxing temperature should be 
lower than the vacuum environment. Otherwise, the element 
will vapourise and contaminate the boron oxide flux. Table 1 
[15] gives the vapour pressure for different elements at 
various temperatures. If the vapour pressure of element is 
too high, purified inert gas can be used instead of vacuum 
environment. However, the effectiveness of boron oxide may 
be decreased. 
1.2.2.2 Preparation of B^O^ 
- _ - since boron oxide is effective only when it is in 
the anhydrous state, the residual water must be removed 
before use. It was shown that [13] the absorbed water in 
boron oxide can be removed by heating it to -lOOO^C for 36h 
、 1-9 
— under a vacuum of ~10" Torr. In the experiment, boron oxide 
was prepared as follows ： a clean Pt crucible was filled (up 
to 1/3 of its total volume) with 99.995% pure boron oxide, 
which was then inserted into a fused silica tube. The whole 
system was transferred to a furnace. It was initially 
preheated at atmospheric pressure at temperature of ~950°C 
for more than 5h to eliminate part of the absorbed water. 
This step prevented the overflow of boron oxide. The whole 
一 3 
system was finally evacuated to ~10~ Torr and kept at 
~950°C for 36h. After this heat treatment, the anhydrous 
boron oxide became transparent and it was cooled to room 
temperature in an evacuated environment. The anhydrous boron 
oxide•was broken into pieces in air as quickly as possible 
and stored in an evacuated desiccator until used. 
1.2.2.3 Preparation of Highly Undercooled Ge 
A 11 mm diameter fused silica tube sealed at one end 
was cleaned by filling it with HF and HNO^ in a ratio of 2:3 
for 10 min. It was then rinsed by distilled water. To 
facilitate the removal of residual water, the tube was 
rinsed with absolute ethyl alcohol and the tube was finally 
evacuated by a mechanical pump. 
Undercooled —liquid Ge was -obtained by melting a Ge 
ingot (99.999% pure) and dehydrated boron oxide in a clean, 
evacuated Torr) fused silica tube. The system was 
heated up to ~1000°C (Ge specimen is orange) by a torch. 
_ — - “ 
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Bubbling occurred at the beginning and it slowed down about 
half an hour later. When bubbling stopped, the temperature 
of the system was increased slowly to ~1200°C (Ge 
specimen is yellow) . It was determined that in order to 
achieve high undercooling (> 230°C) , it was necessary to 
heat the molten specimen above ~1200''c. This is attributed 
to the presence of crystalline GeO^ which has a 
thermodynamic melting temperature of 1150°C. At fluxing 
temperatures above ~1200°C, the removal of Ge〇 was 
facilitated. However, for temperatures above 0 when 
heating the fused silica tube with a torch, the temperature 
had to be uniform. Otherwise, the tubewould collapse and the 
whole experiment had to be repeated. 
、 1 - 1 1 
Table 1 
Vapour pressure of various elements at different 
temperature. 
Temper*lures (*K) for T»por pressurea, torr 
DaU temp 
Symbol Element r»nge, ' K ICT" ICT" 10"* lO"* 10"， lO"" lO"' l(r« 10"， lO"' 10"» 1 10' 10' KH 
Ac Actinium 1873, esI. 1045 1100 1160 1230 1305 © 1390 1490 1605 1740 1905 2100 2350 2660 3030 3510 
Ax Silver 958-2200 721 759 800 847 899 058 1025 1105 1105 O 1300 1<35 1605 1815 2100 24TO 
A! Aluminum 丨 2 2 0 " 丨 《 8 815 860 B06 O 958 1015 1085 1160 J245 丨 3 5 5 丨 < 0 0 1640 1830 2050 2370 2800 
Am Americium I103-U63 712 752 797 848 005 871 丨 0 5 0 O 1140 1245 1375 1540 1745 2020 2400 2870 
Ab, Ar8enic(s) 323 34 0 358 377 400 423 447 477 610 650 690 645 712 795 000 
A I, Astatine Esl. 221 231 2il 252 265 280 296 316 338 364 398 <34 480 640 6 620 
Au Gold 1073-1847 015 m 1020 1080 丨丨 5 0 1220 1305 O 1405 1625 1670 1840 2040 2320 2680 3130 
D Boron 1781-2413 1335 1405 1480 1655 1840 1740 1855 1080 2140 2300 Q 2520 2780 3100 3500 4000 
Ha Barium 1333-1410 450 480 610 545 583 627 675 735 800 883 Q 984 1126 1310 丨 5 7 0 1530 
Be Beryllium 1103-1552 832 878 825 980 丨 0 3 5 1105 1180 丨 2 7 0 1370 1600 O 丨 6 5 0 1830 2080 2390 2810 
rD i Bismuth 610 640 O 668 602 640 682 732 790 860 945 1050 1170 1350 1570 J900 
r c C»rbon(() 1820-2700 1695 1765 丨 815 1930 2030 2140 2260 2410 2560 2730 2930 3170 3460 3780 41tK) 
C» Ctlcium . 730-1546 470 405 b2i 655 690 630 678 732 795 870 962 1076 6 1250 1475 1800 
Cd Ctdmiutn 411-1040 293 310 328 347 368 392 418 4 50 4W 638 603 0 685 762 885 1000 
Ce Cerium 1611-2038 1 050 O 1110 1175 1245 丨 3 2 5 H20 1525 1650 1795 1970 2180 2<40 2780 3220 3830 
Co Cobil l 1363-1522 1020 1070 1130 1195 1265 �340 1<30 1530 1655 O 1790 1960 2180 2440 27M 3220 
Cr Chromium 1273-1557 060 1010 1055 1110 1175 1250 1335 1 «0 1540 1670 1825 2010 O 2240 2550 3000 
XCs Coiutn 300-955 213 226 241 257 274 297 6 322 351 387 428 i82 653 843 775 980 
Cix Copper 1143-1897 855 895 005 1060 1125 1210 1300 O H05 1530 1890 1890 3丨40 2460 2920 
Dy Dysproeium 1258-1773 760 801 847 808 955 1020 )000 丨 170 丨 2 7 0 1390 1635 O 1710 1965 2300 2780 
Er Erbium 1773. est. 775 .822 869 022 981 1050 1125 1220 1325 H50 1605 O 1800 2080 2420 2020 
Eu Europium 696-900 409 6 23 656 592 634 682 739 805 884 081 O 1100 12W 1500 i m 
Fr Frtncium Est. 108 210 225 242 260 2S0 O 306 334 358 410 482 528 620 760 050 , 
Fe Iron 135ft"丨 889 1000 1050 1105 1165 1230 1305 HOO 1500 1615 1760 O 1020 2130 2300 27W 
G . Qallium(0 1179-1383 755 706 841 802 050 1015 1000 1180 1280 H05 1555 1745 1980 MW 27.0 
Gd O.doliniutn Eat. 880 930 080 1035 1100 1170 1250 1350 1465 O 1800 1760 1955 2220 2580 3 
ZOe Germanium 1510-1885 940 880 1030 】085 1150 O 1220 1310 " 1 0 15?0 18^0 1830 2050 2320 2680 3I?v 
Hf �丨》fniuin 2035-2277 1505 1580 1665 1760 1865 1980 2120 2270 G 2150 2670 2B30 3240 3630 <130 <780 
l U Mrrcury 193-575 170 180 190 201 2H 229 G 216 266 280 319 353 J58 635 
Ho Holmium 923-2023 779 822 869 922 981 1050 1125 1220 1325 IJ50 160 O 800 0 0 2410 
In IndiumCO 640-1348 641 677 716 761 812 870 937 1015 1110 1220 1355 15W 17 0 2030 
Ir Iridium 1085-2600 1585 1G55 1755 1850 1000 2080 2220 2380 2560 O 2770 3010 3 3 ^ 3750 <250 
K PoU«ium 373-1031 247 200 276 294 315 O 338 364 396 <34 481 540 618 720 858 10. 
U Lanthanum 1 6 5 … 6 7 1100 1155 O 1220 1295 1375 1465 1570 1695 1835 2 m 22W 450 0 1 0 
Li Lithium 735-1353 430 <52 O <80 508 541 579 623 077 740 8 0 WO 1020 1170 13 0 1 --
ir. : 二； ^ IS 、”； "eS 1 二 ” q s ;器 - O ? ^ ^ -
= 二 二 丨 ； i S ,丨丨5 ： 1丨丨rs 2丨丨丨s ^ i o S s 。 丨 s ： 
：, i ./ intt^iitiA ooi 'Wn ， 3 4 7 370 O 396 428 366 &08 602 030 7】4 o^o 】•'、 
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Fig. 1 Heterogeneous nucleation of spherical cap on a flat wall. 
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11 r ^ I。,2 
' ' 0 嶋 . 鄉 C 0 2 I � ' � ' � � 
Temperature。(： H^/HgO 丨义」 《 
R, 10-咖 icr^io长10-70 丨 0 - 扣 丨 0 , 10广Z 丨 0 广 丨 
^ \ \ \ \ \ \ > 、 、 ‘ ‘ 
Fig. 2 The Ellingham diagram for metaliurgically important oxides. 
(After A.H. Cottrell, An introduction to Metallurgy, 2nd edition, 
Edward Arnold，London, 1975.) 
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Chapter Two - Growth 
2.1 Introduction 
When a nucleus is formed in an undercooled melt, the 
solid will grow in the expense of the liquid phase. 
Experience indicates that the undercoolability of a purified 
molten metallic system is a consequence of nucleation, in 
other words, as soon as one nucleus has formed, the crystal 
growth kinetics is always very rapid. However, it is also 
well known that the morphology of the as crystallized 
specimen depends on the crystal growth mode. It is the 
purpose of this chapter to give an introduction to the 
various types of crystal growth. 
2.1.1 Morphologies of Solid-liquid Interface 
The solid-liquid interface can basically be described 
as smooth, diffused or a mixture of both. K.A. Jackson [1] 
noted a very interesting correlation between the entropy of 
fusion AS^ = S^ (T^) - S^ (Tj [where S^ (T^) and S^ (T^) are 
entropy of liquid and solid phase at thermodynamic melting 
temperature respectively], and the fraction of surface that 
are growth sites f, 
—— f = 1-: AS^/R < 1.5 
f 矣 1 : AS^/R > 1 . 5 
where R is the universal gas constant. 
The correlation put forward by Jackson is really a good 
.、 “2-1 
one. Elements such as Ag, Au, Cu and Ni with AS /R < i s 
show diffused interfaces while Ga with AS^/R > 1.5 has a 
smooth interface. However, the theory he used to explain 
this correlation is not justified for he adapted the ideas 
of Burton, Cabrera and Frank [2] which are applicable to 
crystal growth under supersaturated vapour pressure. On the 
other hand, in the present case, the crystal grows from a 
condensed phase, the liquid. It is clear that the situation 
(also the analysis) is very different for the atoms at the 
liquid-solid interface cannot move as freely as those in 
vapour-solid interface. 
F. Spaepen [3] gets around the problem by associating 
the interfacial free energy cr^^ with the necessity • to 
localize the atoms in the interfacial region. The 
localization costs part of the entropy of melting AS^. When 
this idea is applied to a ledge during crystal growth, the 
energy of localization is paid in the form of melting. Then 
the additional localization at the crystal ledge is much 
smaller. Therefore, qualitatively, it can be concluded that 
the roughness of the liquid-solid interface ought to 
correlate with AS^. In other words, if AS^ is high, cr^^ is 
also large for the localization of atoms is costly. The 
-- theory of Spaepen explains qualitatively the - correlation — 
between AS^ and f. 
2.1.2 Edgewise and Normal Growth Mechanisms 
、 2 - 2 
In general, systems with smooth interface (strongly 
faceting materials) exhibit edgewise growth, in which atoms 
from the liquid phase are attached to the ledge or kink 
sites on the interface as shown in Fig. 1. This is called 
lateral or edgewise growth. On the other hand, a rough 
interface can grow in the normal direction as all sites at 
the interface are ready to accept atoms from the liquid 
phase. This called normal or continuous growth. 
According to Jackson's correlation, elements such as 
Sn, Al and Zn, all with AS^/R < 1.5, should show normal 
growth. However, it was determined experimentally that they 
indeed go laterally, contradicting our belief. Later Cahn 
• [4] argued that the mechanism of crystal growth depends on 
the driving force rather than on the nature of the 
interfaces. Normal growth occurs when the driving force is 
sufficient. The value of this driving force depends on the 
diffuseness of the interface. For very rough interfaces any 
perceptible driving force will be sufficient and for smooth 
interface, the critical driving force may be so large that 
normal growth cannot be achieved. Transformation from 
edgewise to normal growth occurs when the driving force is 
larger than nag/a where cr is the interfacial free energy, g 
the diffuseness of interface which - depends on the number of 
atomic layers comprising the transition from solid to liquid 
at the melting temperature (g~l for smooth surface and g<l 
for diffuse surface) and a the interplanar distance. 
_、 2-3 
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2.1.3 Formation of Dendrites 
The main rate-controlling factor in crystal growth from 
a metallic melt is the dissipation of latent heat at the 
interface. The conduction of the latent heat depends on the 
temperature gradient at the interface. Consider the case 
that liquid is always at a higher -temperature during 
solidification as shown in Fig. 2(a) . Since the temperature 
of the solid-liquid interface is constant, isotherms for a 
planar interface is drawn as in Fig. 2(b) . The temperature 
gradient in any region is inversely proportional to the 
distance between the isotherms. The heat flow from the 
interface to solid is balanced by the heat flow from the 
liquid to the interface in addition to the latent heat 
released. Consider a small protrusion formed at the 
interface due to small temperature fluctuations or local 
variations in growth rate. The isotherms for the presence of 
a protrusion is depicted in Fig. 2(c). It is obvious that 
the tip of the protrusion is extending into a region of 
higher temperature. Then the temperature gradient near the 
tip of the protrusion in the liquid phase increases while at 
the solid phase it decreases. Consequently, the rate of heat 
transfer decreases -resulting in slower crystal - growth rate 
of the protrusion. Therefore, the protrusion is unstable and 
the growth is essentially planar. 
When the liquid is undercooled, heat is conducted away 
_、 2-4 
from the interface to solid as well as liquid. Consider 
again a protrusion at the interface as shown in Fig. 3(c). 
It is clear that the tip of the protrusion is extending into 
a more undercooled region which enhances crystal growth. 
Therefore, planar growth is unstable and spikes will grow 
into the liquid. Similarly, other spikes may branch out 
sideways from the primary spikes. This structure which 
resembles a tree is called a dendritic network (Fig. 4). 
These dendrites grow preferentially in certain 
crystallographic directions. 
Materials with rough interfaces solidify in the form of 
dendrites. The direction of dendritic growth has a definite 
crystallographic direction for different crystal structures, 
e.g. fee in <100>, bcc in <100>, hep in <10i0> and so on. 
2.2 Dendritic, Growth of Ge 
2.2.1 Edgewise Dendritic Growth by Twin Planes 
Experience [5-8] indicates that although Ge exhibits 
a smooth solid-liquid interface, it can grow continuously by 
edgewise growth. It has been shown that twin planes are the 
origin of the edgewise dendritic grow. 
According to the Wulff principle-,- a surface with the 
smallest surface energy has the smallest normal growth rate. 
A plane with fast growth rate will shrink and a plane with 
slow growth rate will expand. Therefore, the final exposed 
_、 2-5 
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planes of a Ge crystal are bounded by all close-packed 
planes. The equilibrium shape of a Ge single crystal is 
shown in Fig. 5. Hamilton and Seidensticker [9] constructed 
the twinned Ge crystal by reflection across the {ill} twin 
composite plane as shown in Fig. 6. The twin plane emerges 
from the solid in three re-entrant corners, L 141°, which 
alternate with the ridge structures, L 219°. The grooves at 
re-entrant corners provide growth sites for the incoming 
atoms from the liquid phase. Therefore, edgewise growth 
initiates at the grooves. As long as these grooves are 
present, continuous layer growth is possible. 
Wagner [8] examined the relation of twin planes with 
the <211〉 dendritic growth of Ge. When he used seeds of one 
twin plane, no dendrite could be drawn from undercooled 
liquid Ge for 0 < AT < 45°C. On the other hand, he obtained 
dendrites which grew in <211> , directions even at very small 
undercoolings when the seeds contained at least two twin 
planes. A model was proposed accordingly by him as depicted 
in Fig. 7. The platelet consists of three parts A, B and C 
joined together at the twin boundaries. The side view of 
sections 1 & 3 is a combination of a ridge at the boundary 
of A 5c B and a groove at the boundary of B & C. The geometry 
o f section 2 is j u s t —the — reverse. Assume all the exposed 
surface are in {ill} and this crystal to be submerged in 
undercooled liquid Ge as shown. Part B & C 〇f sections 1 & 3 
can grow in [112] and [211] , respectively, by groove 
- 一- -
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mechanism until bounded by ridges 1, 2, 5 and 6. Similar 
growth occurs for layers A & B in [121] direction of section 
2. Part A in sections 1 & 3 and part C in section 2 that are 
left behind can grow now because grooves with L 109.5。 are 
formed by their corresponding neighbouring parts. 
Considering the growth of part A in section 1 and 3 ： when 
these parts reach the ridges 1, 2, 5 and 6, they soon form 
grooves with part B. With this self-perpetuating system of 
grooves, the dendrite is able to grow continuously in the 
<211〉 directions. 
2.2.2 Normal Growth of Ge at High Undercoolings 
With the boron oxide fluxing technique, Devaud and 
Turnbull [10] were able to undercool liquid Ge by 
150-415 土 20°C. They discovered for the first time the 
4-fold, twin-free dendrites for undercoolings > 250°C. This 
supports Cahn‘s theory [4] that there should be a transition 
from edgewise to normal growth at sufficiently high 
undercooling. 
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Fig.1 Lateral growth of smooth surface. 
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(c) ) 》 t 
——• X 
Fig. 2(a) Temperature distribution in a system where the temperature 
of the liquid is above that of the interface { —across planar interface; 
--…across protrusion), (b) Isotherms for a planar solid-liquid interface, 
(c) Isotherms for a protrusion. 
2-9 
I 
> Solid I Liquid ^ 
A 
丁 乂 — 











(。） 〉 t 
• X 
Fig. 3(a) Temperature distribution in a system where the liquid is 
undercooled. (— across planar interface;……across protrusion), 








Fig. 4 A dendrite. 
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Fig. 5 The equilibrium form of Ge, an octahedron 








Fig. 6 A twinned crystal, derived from the equilibrium form 
by reflection across the twin composition plane. 
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Fig. 7 Germanium platelet containing two twin planes parallel to {111} 
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Chapter Three - Polishing and Etching 
3.1. Introduction 
In the study of internal micros t rue tures of Ge 
dendrites, Ge/Sn specimens had undergone cutting, mounting 
and polishing, respectively before they were subjected to 
chemical etching. In the first part • of this chapter, 
detailed experimental procedures are reported. The 
morphologies of etch pits obtained by computer simulation 
[1] are also summarized here to serve as reference for the 
etching experiments. The second part describes the steps in 
finding twin plane and twin plane orientation of <110> Ge 
dendrite. 
3.1.1 Surface Preparation 
A bulk Ge/Sn specimen was cut by an 工 S O M E T low speed 
saw from Buehler Ltd. The specimen was first adhered to a 
glass slide by means of thermoplastic cement. The glass 
slide was then mounted to the chunk of 工 S O M E T such that the 
cutting direction was always perpendicular to the glass 
slide. The cutting position was adjustable by a micrometer 
cross feed and parallel planes could be obtained by two 
successive cuttings. The saw i-s made of a diamond wafering-
blade with-a maximum speed of 300 RPM. Now the faster the 
rotating speed, the greater the damage would be done to the 
、 3-1 
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specimen surface. The brittle Ge was therefore cut at a 
speed of ~150RPM with a load of 50g. In order to polish the 
small specimens (〜7 mm diam) , we used the " S I M P Lj I M E T 2 “ 
hydraulic specimen mounting press from Buehler Ltd. to make 
a . thermoplastic . molding using "TRANSOPTIC powder". The 
surface of the specimen to be polished was placed facing 
downward inside a flat ended cylindrical mold of inner 
diameter 1.5". “TRANSOPIC powder" was poured on top of it 
and a molding cycle began when the top of cylindrical mold 
was closed by a flat cover. The procedures of the molding , 
cycle is listed as follows ： ( 
1 




(2) When the Heater had reached 138-150 C, the pressure was 
< 
1 
increased to 4200psi. , 
< I 
(3) It was kept at this temperature and pressure for at ! 
‘ • I 
least 20 min. j 
(4) After this cure time, the Heater was turned off. “ 
(5) The mount was cooled under pressure to 38°C before 
ej ecting. 
Specimens were ground on silicon carbide abrasive 
bonded to paper. Fine grinding employed 400 and 800 grit 
steps, so that the deformation occurring in one stage was 
completely removed by the finer grains of the next step. It 
was useful to turn the specimen about 90。when changing to a 
、 1-2 
finer paper."During the fine grinding stage,— the specimens 
--- - 一 
were rinsed after each step and finally rinsed very 
thoroughly using an Ultrasonic Cleaner before proceeding to 
rough polishing. 
Rough and .final polishing.—was .p.erformed on a rotating 
wheel covered with a cloth. Successive abrasive sizes of 1, 
0.3 and 0.05 micron were used. These steps were to remove 
the remaining scratches and produce a smooth lustrous 
I 
surface required for microscopic examination. It was noticed 
that overpolishing at this stage caused rounded edges. 
j 
3.1.2 Chemical Etching Experiments j 
I 
Etching experiments were carried out on a freshly i 
polished specimen. This process revealed the structural ‘ 
( 
details by preferential attack of specimen surface with an , 
< 
acid or basic chemical solution. 
In the study of microstructures of Ge, various etchants j 
were used for different purposes. Information about the '' 
composition of etchants, etching procedures and the etching 







Common Etchant Procedure Plane 
Name composition (room temp.) 
WAg 2g AgNO^ + 4 0ml H^O + Mix AgNO^ and { m } 
一 —— 40 ml—HF —+ _2_0ml—HN〇3 - H^O, then add 
HF and HNO^. 
Immerse ^ to 2 
minutes 
CP4 25ml HNO^ +15ml HF + Use Hood. Add {ill} 
15ml glacial acetic Br。when use, (lOO 
Z 
acid + 0.3ml bromine and let stand 
^h before using. 




Superoxol 1:1:4 volume parts of Immerse 3 min {ill」. 
H^O^(30%) , HF(48%) & {lOO} 
H^O respectively {lio} 
Remarks ： 
(1) wAg [2] selectively etches on {ill} plane resulted 
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on triangular pits whose sides lie along <110〉 [3]. 
(2) CP4 is commonly used for chemical polishing because no 
etch pits are found except on {ill} and {lOO} planes 
[4]. 
— (3 )._Superoxol solution is a good etchant to determine the 
orientation of a crystal plane because it shows 
different pits morphologies for many low-index plane 
[5]. {111} have triangular pits, {100} have square pits 
and {110} have hexagonal hillocks. 
The common chemical etching technique used here were 
immersion and swabbing. For immersion etching, the whole 
specimen was immersed in the etching solution. The solution 
was gently agitated to supply fresh reagent to the surface 
of the .specimen. For swabbing, the specimen was gently wiped 
with soft cotton soaked with the etchant. Etching was 
stopped by dipping the specimen into distilled water. As a 
reactive etchant residue might remain on the porous part of 
the mounting material or along the edge of specimens, the 
mounted specimen should be thoroughly rinsed and completely 
dried befor.e putting on the microscope stage. 
3.1.3 Morphologies of Etch Pits 
Various chemical reagent can be chosen to selectively 
reveal the surface microstructures of specimens. Honess [6] 
、 1-5 
stated that although different etch pits are formed both on 
the same face with different chemical reagent and same 
solvent on different face, the morphologies of etch pits do 
reflect the crystallographic symmetry of the face. Sangwal 
[7] concluded from many papers that apart from the internal 
factors associated with the segregation of impurities and 
the strength, character and the configuration of 
dislocations, the morphologies of etch pits are also 
sensitive to external factors such as concentration of 
chemical reagent, temperature of etching, stirring of 




‘ Tokuda and Ives [1] had simulated the rn〇:rph〇l〇gies of 
I 
etch pits by arbitrary subtracting a single atom from a 
surface and then removed atom-by-atom around it. The 
assumption is that atoms with smallest number of nearest 
neighbours were preferentially removed. They also predicted 
the etch pit morphologies at high reaction rate taking into 
account the factor of the accessibility of aggressive ion. 
The results of pit morphologies on the three major low-index 
planes of fee metals are summarized in Fig. 
I 
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3.2. Polishing and Etching of Ge/Sn <110> Dendrite 
3.2.1 Finding Twin Planes of <110> Dendrite 
Since Ge expands on solidification, dendrites formed 
would float on the surface of the bulk Ge liquid. Most of 
the <110> dendrites therefore appeared on the surface of Ge 
specimen, which enabled us to obtain their cross-sections. 
Cross-section perpendicular to <110> Ge/Sn dendrite was 
！ 
polished as described in section 3.1.1. The mounted specimen 
was then swabbed by CP4 for ~30s (longer etch time was used 
if the microstructures were unclear) • Very short (~30-3OO/Ltm) 
twin planes were found more or less perpendicular to the 
surface of the specimen. 
In order to locate the position of the twin planes with 
I ‘ 
I 
respect to the surface dendrite, the specimen had to be 
1 
detached from the mounting "Thermoplastic" material. Since 
Ge is brittle, precautions were taken to avoid fracturing 
the specimen. The dismounting was facilitated by putting the 
mounted specimen on an electric hot plate (use Hood). The 
temperature was then slowly increased. Once the mounting 
material around the Ge specimen softened, the thermoplastic 
material was pressed in radial directions away from the Ge. 
The two materials were then detached from each other and the 
I Ge specimen could be picked up with ease. 
I ‘ 
The detached specimen was in a shape of hemisphere. Now 
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the dendrite was on the curved surface while the twin planes 
were on the polished flat cross-section. It was impossible 
to focus clearly on these two surfaces simultaneously when 
using an optical microscope. In order to study the detailed 
microstructures of. .these two surfaces, the micxoscope was . 
modified as follows ： the microscope used was an inverted 
metallurgical optical microscope. It has a micrometer stage 
movable in X and. Y di.irections and. a. vise mounted, on the 
stage to hold large (up to a few centimeter in dimension) 
specimens. The spindle of a micrometer was tied in the vise 
in such a way that the calibrated vernier was rotated along 
the Y-axis. The arrangement in this set-up was not used for 
measuring distance but for the rotational motion provided 
about the Y-axis. The specimen under investigation was 
attached on the spindle such that the cross-section of the 
dendrite (cut surface) was aligned along the Y-axis. In the 
experiment, the twin planes near the edge of the cut surface 
was first focused. Then the spindle was rotated little by 
little while focusing was maintained by adjusting the 
microscope. In this way, the relation of the microstructures 
of the cut. surface and free surface could be studied in 
detail. Indeed, it could be demonstrated that the two lines 
in Fig. 2 of a etched Ge/Sn <110〉dendrite were twin planes. 
、 1-8 
-3.2.2 Finding Twin Plane Orientation of <110> Dendrite 
(1) Dissection 
A <110> dendrite was chosen on the surface of Ge/Sn 
一 specimen and cut perpendicular to its length (called plane 
#1) as depicted in Fig. 3(a). After polishing and etching as 
described in section 3.1.1, the specimen was removed from 
the thermoplastic material. Let the cross-section (plane #1) 
be x-y plane and the etched twin-plane lines be in x 
direction. A second plane, which was called plane #2, was 
dissected parallel to the y-axis as shown in Fig. 3 (b) . Now 
plane #2 was stuck onto the surface of a glass slide which 
was then mounted to the cutting machine. The glass slide was 
so oriented that the specimen was further cut (plane #3 &4) 
parallel to the surface dendrite as shown in Fig. 3(c). The 
newly exposed surfaces was therefore parallel to the twin 
planes. 
(2) Polishing 
To reveal the nature of the twin plane, a 
parallelepiped specimen obtained by the above method with 
its twin planes parallel to the main surface was mounted to 
a stainless steel holder, designed for this purpose (see 
Fig. 4). The outer cylinder was constructed to increase the 
contact area during polishing so as to make the polishing 
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process smooth. The inner cylinder has its flat end parallel 
to the outer one. The height of the inner cylinder could be 
adjusted by inserting/removing parallel layers of hard 
materials, e.g. Pyrex. The specimen, which was attached to 
the holder by means of double-side sticker, was initially 
polished using abrasive paper in a series of 400, 600 and 
1000 grit steps. As soon as a. plane inside two twin planes 
was exposed, it was brought to the polishing machine for a 
shiny surface. It was then finally polished by abrasive 
powder of 0.3 and 0.05 micron. 
(3) Etching 
The orientation of the polishing plane was checked 
again before etching because the microstructures of dendrite 
and twin planes would be destroyed. The crystallographic 
orientation of this plane was determined by the symmetry of 
etch pits after the specimen had been dipped in Superoxol 
etchant for 3 min. 
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<211> <100> 
{ ” n / ： 
^ 、 q <211 > <100> 
High 灣 ^ ^ ^ ^ ^ ？ ^ 肩 
Fig. 1 Simulated morphologies of corrosion pits on the {100}, {111} and {110} 
surfaces of fee metals at low and high reaction rates. 
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10 um 
Fig. 2 Ge/Sn <110> dendrite etched by WAg. Positions of 
the twin planes are indicated by the arrows. 
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Cutting plane #1 
！ 
Curved surface Glass slide 
of Ge specimen r 
Surface dendrite V • ‘ • . ' 
(not to scale) .、： ： . J 
！ I 
I j 
Cross-section | Glass slide 
of Ge (plane #1) 
H 
Twin planes ^ ] / 
I “ X 
i Cutting plane #2 
Glass slide , , 
/ 
Cutting plane #3 / 
Cutting plane #4 
Fig. 3 Dissection steps for twin planes of <110〉dendrite. 
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Sound Emission During Crystallization of 
Undercooled Liquid Germanium 
C.F. Lau and H.W. Kui 
Department of Physics, The Chinese University of Hong Kong, 
Shatin, N.T., Hong Kong. 
Abstract 
Liquid Ge which has been fluxed in dehydrated B^O^ was 
allowed to cool below T in a well controlled environment. 
in 
The cooling rate was 6。C/min. It always crystallized to 
the diamond cubic phase and the resulting grain size 
decreased with increasing undercooling. A maximum 
undercooling of 342''c was recorded. It was found that sound 
was emitted during crystallization whenever the 
undercooling was >258^C for a -7-mm-diain specimen. It was 
also determined that cracks were the source of the sound. 
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In a bulk metallic melt, the presence of impurities is 
unavoidable. The undercoolability of such a melt is very 
limited because of the interruption of crystallization on 
these impurities. Kui et al. [1] demonstrated that the 
fluxing technique is a very effective method in eliminating 
impurities from a bulk metallic melt: by fluxing with molten 
dehydrated boron oxide, they were able to undercool liquid 
Pd^QNi^^P^Q to its glass state bypassing crystallization 
from above its thermodynamic melting temperature to below 
its glass transition temperature with a cooling rate of 
l^C/s. Devaud et al, [2] later applied the same technique 
to elemental germanium droplets (0.3-0. 5itmi diameter) . They 
found that liquid Ge always crystallized to the diamond 
cubic structure and the grain size of the crystallized Ge 
decreased with increasing undercooling. A itiaximuin 
undercooling of 415 ± 20 ""c was recorded. In this chapter, 
we report the undercooling and solidification of liquid 
germanium under a well-controlled cooling environment. 
Bulk germanium was obtained by melting Ge powder 
— 3 
(99.999% pure) in a clean, evacuated Torr), fused 
silica tube. The preparation of the fluxing agent, 
dehydrated boron oxide, was described in an earlier paper 
[1]. In the experiment, dehydrated boron oxide, and 
germanium (-7im diameter) were put in a dry, clean, fused 
silica tube (i.d. = llirrni) . They were evacuated by a 
mechanical pump to -10一3 Torr. Then the system was heated 
up initially to -1000 by a torch. Bubbling occurred at 
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this stage. The bubbling disappeared about 1/2 h later and 
the temperature of the system was then raised to >12 00 
Prolonged heating was maintained for 4-5 h at this 
temperature. (It was found that applying the fluxing 
technique to Ge was effective only if the temperature was 
>1200。已）After this heat treatment, the Ge should be clean 
and the system was allowed to cool down in air by removing 
the torch. When crystallization occurred (three solidified 
specimens having been taken out to be examined by x-ray, and 
all of them were the diamond cubic crystals), the system was 
again heated up to >1200 and maintained at this 
temperature for 5 min before another cooling cycle. These 
heating/cooling cycles were repeated many times. The time 
between the removal of the torch and the onset of 
crystallization was recorded (the longest time recorded was 
about 35s). The degree of undercooling therefore scaled 
roughly with this recorded time. 
When undercooling was the least (recorded time <15s), 
crystallization was manifested by a crystal-liquid interface 
moving into the undercooled regime. Very often, dendrites 
were observed to grow into the melt ahead of the 
crystal - l i q u i d interface and the resulting grain size was 
>>100 Mm. (Throughout the whole chapter, grain size refers 
to the size of the majority of those grains that appeared on 
the surface of specimen.) When the undercooling was 
increased (recorded time 15-25s), the crystal-liquid 
interface velocity was so fast that it could not be resolved 
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visually. Instead, a flash (recalescence) from the specimen 
indicated that crystallization had just occurred. The 
resulting grain size ( >75 /im) was substantially smaller 
than that of the least undercooled specimen. A large volume 
change was also observed for the transformation in this 
regime. At the largest undercooling (recorded time 25-35s), 
during recalescene, the growth velocity was even faster as 
the flash (recalescene) was sudden and short. The specimen 
also suddenly enlarged indicating a large volume change. 
Very often, a sound (a short 'click') was emitted. More 
precisely, this sound emission was always detected when the 
undercooling of a specimen was maximal (recorded time 
30-35s)• Everytime that a sound was emitted, the specimen 
was examined through the fused silica tube and often cracks 
were found on the surface of the specimen. (Cracks never 
appeared on the least and the median undercooled specimens.) 
However, only large cracks could be identified this way. In 
five runs, five different specimens which had each emitted a 
sound were cooled down in air to room temperature to be 
examined. The grain size ranged from 5-15 “m in one specimen 
to 30-40 Mm in another. Cracks (Fig. 1) were found in all 
specimens, although some of them were observable only under 
an optical microscope. We therefore conclude that the cracks 
caused the sound. 
In order to determine the undercooling accurately, a 
Transtemp furnace which is connected to a personal computer 
(PC) was used to provide a controllable environment for the 
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system. The Transtemp furnace (Fig. 2) consists of two 
concentric fused silica cylinders. A heating coil is wound 
around the inner cylinder while the outer one is plated with 
a thin layer of gold on its inner surface. The Au film is 
used to keep most of the radiation emitted from the heating 
coil inside the furnace to provide a uniform temperature 
environment. The PC adjusts the power flow into the furnace 
and hence it can control a preassigned rate of cooling or 
heating inside the furnace. 
To determine the undercooling of liquid Ge, the 
Transtemp furnace was first of all set at 850 ""c. Next, a 
fused silica tube with boron oxide and Ge inside that had 
been treated for 4-5 h at >1200。C was removed from the 
torch and inserted into the furnace as shown in Fig. 2. 
Then, the furnace was allowed to cool down at a rate of 
6。C/min. The temperature of the specimen as read by a 
chromel-alumel thermocouple (TC) (the fused silica tube sits 
on top of the TC) was recorded on a X-T plotter. When 
crystallization occurs, a peak was recorded on the X-T 
plotter as a result of the heat released (Fig. 3). In a 
separate experiment, an identical arrangement was set up 
with an additional thermocouple immersed in the specimen to 
calibrate the real temperature of the specimen against the 
reading on the X-T plotter. It was demonstrated that the 
difference between the actual temperature of the specimen 
and that read by the TC and recorded on the X-T plotter 
agreed to within ±3。C. The maximum undercooling found was 
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342 C Which was reproducible on the same specimen as well 
as on others. It is likely that this was the onset of 
homogeneous nucleation. (In Ref.[2], even though the maximum 
undercooling was 415。C, the result is quite consistent with 
the 342 C obtained here since the specimens we used were 
larger in volume by a factor of 10^ and the cooling rate was 
considerably slower [3] .) As soon as crystallization 
occurred six specimens were removed from the furnace and 
allowed to cool to room temperature in air. Their 
undercoo1ings and resulting grain size are summarized in 
Table I. Clearly, the grain size of the crystallized Ge 
decreased with increasing undercooling. The details of the 
microstructures of the as-quenched Ge specimens will be 
discussed in a later publication. Cracks were observed on 
specimens which were undercooled >258。(：• The experiments 
just described were carried out inside the Transtemp 
furnace, any emission of sound could not be heard. Since 
cracks were observed for undercoolings > 2 5 8 i t can be 
concluded that sound emission occurs also for 
undercoolings >258。(：• In terms of the grain size, sound 
emission occurs only if the density of nucleation centers 
exceeds -.10^/cm^ for a -7-inin-diam specimen. 
Walker [4] observed that an audible click was emitted 
during crystallization of highly undercooled Ni specimens. 
Since Ni contracts on solidification, he proposed that the 
sound may be generated from the collapsing cavities or 
generated as the solid shrinks away from the mold wall. Now 
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since Ge expands on solidification, the sound emission 
cannot be attributed to one of the above mechanisms (there 
is no cracking of the fused silica tube)• Therefore, the 
cause of sound in highly undercooled Ge must result from a 
different source : to be more precise, when undercooled 
liquid Ge crystallizes, the increase in volume is -8.3% of 
its original volume [5] . Suppose the density of nucleation 
centers in an undercooled melt is very large； crystals 
growing from these centers would impinge on each other. It 
is likely that some undercooled liquid is enclosed by cages 
formed from these nucleation centers. When the enclosed 
undercooled melt solidifies, the specimen is cracked due to 
the large volume change. A sound is then emitted. This is 
just the inverse of the formation of cavity during casting 
of iron. 
Spaepen and Turnbull [6] and Chen and Bagley [7] 
calculated that the liquid-amorphous (1-a) transition 
temperature (T^^) for Ge is 696 The liquid-crystal 
(1-c) transition temperature (T^) of Ge is 937。C. Then the 
maximum undercooling and hence its maximum reduced 
undercooling (reduced undercooling = undercooling divided by 
the thermodynamic melting point in K) of liquid Ge with 
respect to T^^ are lOl^'c and 0.10, respectively. Apparently, 
at this rather small reduced undercooling, the thermodynamic 
volume free energy change between the liquid and amorphous 
phase is not enough to overcome the surface energy. On the 
other hand, the maximum reduced undercooling of liquid Ge 
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with respect to the diamond cubic structure is 0.28. since 
the bonding of the amorphous and crystal phases is quite 
similar, the surface energy of liquid-crystal and that of 
the liquid-amorphous should be nearly the same, with a 
reduced undercooling of 0.28, the crystal phase is expected 
to nucleate first. 
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Correlation between undercooling and grain size for Ge. 
Specimen no. Undercooling Crack Grain size 
f c ) (Mm) 
1 200 no >>100 
2 232 no >75 
3 258 yes 30-40 
4 288 yes 15-30 
5 299 yes 15-25 
6 342 yes 5-15 
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Fig. 1 Cracks on Ge ingot during crystallization. 
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Fig. 2 Schematic diagram of apparatus used to measure 
crystallization temperatures of undercooled Ge. 
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4 - 1 3 
References 
1. H.W. Kui, A.L. Greer, and D. Turnbull, Appl. Phys. Lett. 
45, 615 (1984). 
2. G. Devaud and D. Turnbull, Acta Metall. 35, 765 (1987). 
3. D. Turnbull (private communication). 
4. J.L. Walker, in Principles of Solidification, edited by 
B. Chalmers ( Wiley, New York, 1964), p.125. 
5. B.R.T. Frost, Progress in Metal Physics (Pergamon, 
London, 1954), vol. 5, p.98. 
6 • F. Spaepen and D. Turnbull, in Laser Solid Interactions 
and Laser Processing, edited by S.D. Ferris, H.J. Leamy, 
and J.M. Poate (American Institute of Physics, New York, 
1978), pp.73-78. 
7. B.G. Bagley and H.S. Chen, in Laser Solid Interactions 
and Laser Processing, edited by S.D. Ferris, H.J. Leamy, 
and J.M. Poate (American Institute of Physics, New York, 




Microstructures of Undercooled Germanium 
The following paper appeared in 
Acta. Metall. 39, 323 (1991) 
& 
C.F. Lau, The Chinese University of Hong Kong 
(M.Phil, thesis, 1990). 
•It is attached here for the completeness of the research 
topic. 
4-1 
Microstructures of Undercooled Germanium 
C.F. Lau and H.W. Kui 
Physics Department, The Chinese University of Hong Kong, 
Shatin, N•T•, Hong Kong• 
Abstract 
Liquid Ge drops (diameter ~7irmi) have been undercooled 
60-342±3Oc below T^ in dehydrated boron oxide with a cooling 
rate of e^'c/min. They always crystallized to the diamond 
cubic phase and the resulting grain size decreased with 
increasing undercooling. During crystallization, audible 
sound was emitted whenever the undercoolings were >258''c. It 
was determined that cracks were responsible for sound 
emission while grain refinement gave rise to cracks. Optical 
and SEM micrographs showed that for undercoolings >200''c, 
dendrites formed first and they were seeds for the 
subsequent crystallization. The micrographs also illustrated 
that grain refinement was due to multiplication of 
dendrites. During crystallization, the compressive wave (Ge 
expands on solidification) set up by the rapid dendritic 
growth recoiled from the liquid germanium-boron oxide 
interface would be minimized by the surrounding B^O^. It is 
likely 七 h e n that dynamic nucleation was not the origin of 
grain multiplication. The multiplication of grains is 
therefore attributed to dendritic break-up during 
solidification. It is further suggested that stress is the 
origin of dendritic break-up. 
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Introduction 
Recently Devaud and Turnbull [1] demonstrated that 
small liquid Ge droplets (0.3-0. Sirmi diameter) could be 
undercooled 150-415±20Oc below its thermodynamic melting 
temperature (T^=936''c) before solidifying to the diamond 
cubic phase. It was found that the resulting grain size 
decreased with increasing undercooling. The grain refinement 
was also observed earlier by Walker [2] in the undercooling 
experiment of Ni, and by Kattamis and Flemings [3] in 
undercooled Ni and Fe base alloys. Devaud et al • suggested 
that this correlation in Ge between initial undercooling and 
final grain size was due to the dependence of grain size on 
interfacial undercooling. For Ge droplets lightly doped with 
Sn (Sn was introduced to mark dendrites) , when they 
examined the internal morphology of the specimen, dendrites 
were observed for undercoolings >250''c. Since only twin-free 
dendrites were observed, they concluded that larger 
interfacial undercoolings were necessary for its growth. In 
addition, the correlation between grain size and the 
presence of dendrites leads them to suggest that grain 
refinement observed in Ge droplets for undercooling >300''c 
originates from dendritic break-up during solidification. 
In an earlier publication [4], we studied the 
undercooling of Ge again by the fluxing technique. In the 
experimental setup, a personal computer was connected to the 
furnace to provide a controllable temperature environment 
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for the Ge under investigation. For -Vim diameter Ge 
specimens, undercoolings of 60-342'c were detected with a 
cooling rate of e'c/itiin. Again they always solidified to the 
diamond cubic crystalline phase and the resulting grain size 
decreased with increasing undercooling. The maximum 
undercooling of 342""c is quite consistent with the 415。c 
found by Devaud et al. since the volume of the specimens 
used in our run was larger by a factor of lo"^  and also the 
cooling rate was considerably slower. In addition, we found 
that for those specimens that were undercooled >258。C sound 
was emitted during crystallization. It was demonstrated that 
cracks were responsible for the emission of sound. In the 
same paper, we proposed that grain refinement of the 
undercooled Ge was the origin of the cracks. In this paper, 
the external surface morphology (in contrast to the internal 
morphology examination in ref. [1]) of undercooled Ge is 
discussed in detail. 
Experimental 
Bulk germanium was obtained by melting Ge powder 
• o 
(99.999% purity) in a clean, evacuated (-10一 Torr) fused 
silica tube. The resulting Ge ingot and B^O^ (just enough to 
cover the whole specimen) were melted under a vacuum of 
10一3 Torr inside a clean fused silica tube (details of the 
fluxing technique can be found in [5]) . It was then heat 
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treated (-1200。C) by a torch for 4-5 h. Next the whole 
system was transferred quickly (the temperature of the 
system must be >>300。C which is the glass transition 
temperature of boron oxide. Otherwise, the fused silica tube 
would be cracked by the solidifying boron oxide) to a 
Transtemp furnace of initial temperature 8 5 o ' c . The fused 
silica tube was placed on a thermocouple which is connected 
to a X-T plotter. The Transtemp furnace is connected to a 
personal computer to provide a controllable environment for 
the system (refer to Ref. [4] for details) . In the 
experiment, the furnace was allowed to cool at a rate of 
o 
6 C/min. It was determined that the temperature as read by 
the thermocouple and the actual temperature of the specimen 
agreed to within When crystallization occurred, a 
peak was recorded on the X-T plotter and the system was 
removed from the Transtemp furnace and cooled in air. The 
specimen was then examined by optical and scanning electron 
microscope (SEM)• In the following discussions, all 
microstructural pictures (both optical and scanning electron 
micrographs) were taken from the surfaces of the specimens. 
Results 
The internal morphology of undercooled Ge in Ref. [1] 
and the external surface morphology investigated here share 
some common features. Devaud et al • found that Ge always 
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crystallized to the diamond cubic phase and the resulting 
grain size decreased with increasing undercooling, A similar 
correlation was identified for the dendrites. The majority 
of the grain sizes observed in the maximum undercooled 
(415OC) specimen ranged from 10 to 20 urn. In addition, there 
existed a connected to random dendritic morphology 
transition. All these features were also found from 
microstructures on the surface except that the maximum 
undercooling recorded was 342。C. The majority of the grain 
sizes found in the maximum undercooled specimen ranged from 
5 to 15 iim which agrees very well with those in Ref. [1]. 
The discrepancy in the maximum undercoolings was already 
discussed in the introduction section. In the experiment, in 
the least undercooled regime (undercooling <8o""c) , both 
observed the presence of a liquid-solid interface sweeping 
across the specimen. However, occasionally, we also observed 
large dendrites growing into the liquid ahead of the 
liquid-crystal interface on the surface of the undercooled 
liquid. 
At undercoolings of -lOO^'c, during crystallization, we 
found that various parts on the liquid Ge surface 
crystallized first. This was followed by complete 
crystallization of the whole specimen and dendrites were 
found more frequently. At about 200^C undercoolings, the 
crystallization which was dendritic in nature was 
accompanied by a flash and visual identification of the 
liquid-crystal interface was difficult. There was a common 
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feature in the 60-200®C undercooling regime ： large 
protrusions were always formed on a crystallized specimen as 
shown in Fig. 1. Protrusions were sometimes observed on 
specimens with undercoolings >200''c, although their sizes 
were much smaller. Protrusions disappeared for undercoolings 
>288。C. 
For undercoolings >200^C, the external surface 
morphologies of Ge specimens are summarized in Table I. In 
Fig. 2(a), an optical micrograph of specimen No. 1 
(undercooling = 200''c) is shown. Long leaf-like structures 
were found throughout the specimen surface. The longitudinal 
dimension of the leaf was >>100 iim and they were arranged 
in a regular fashion (connected) like a dendritic network. 
In Fig. 2(b), a SEN micrograph of the same specimen indeed 
shows the presence of a dendrite (compare with those 
described in [6]) that sits approximately at the center of 
the picture. This dendrite clearly played the role of seed 
for crystallization. In Fig. 2(c), another SEM micrograph, 
again of the same specimen is shown. It depicts the role of 
a dendrite in the crystallization process : at the beginning 
of crystallization, a dendrite was formed first (the flat, 
arrow head structure)• In its opposite direction, there is 
another dendrite which acted as a seed for the subsequent 
columnar crystal growth (this implies strong directional 
crystal growth) that took up the right hand side of the 
micrograph. The connected structure shown in Fig. 2(a) was a 
result of this columnar growth- Each dendrite that 
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constituted the columnar structure was faceted with a ridge 
at the center. Under an optical microscope of smaller 
magnification, these facets appeared like tree leaves in 
Fig. 2(a). In conclusion, at this undercooling, 
crystallization is dendritic in nature. 
Figure 3 shows the microstructure of specimen No. 2 
(undercooling = 232^C)• The connectedness which was 
characteristic of a 200°仁 undercooled specimen began to 
disappear. The grains became smaller and more or less 
randomly oriented (disconnected)• The longitudinal dimension 
of the leaf-like structure was substantially reduced to the 
same order as that of the lateral ones. There is therefore a 
transition from a connected to disconnected grain structure 
at ^232^0 undercooling. The transition was continuous since 
connectedness and large grains did not disappear at a fixed 
temperature. Furthermore, it appeared that each grain 
contained a dendrite, in other words, the dendrite in each 
grain was the seed for crystallization for that particular 
grain. Therefore, the multiplication of grains was due to 
multiplication of dendrites. 
In the above discussions, all micrographs (Figs. 2 & 3) 
were taken randomly from the surface of the specimen, i.e., 
for the same specimen, no significant difference in 
microstructure was found from one place to another on the 
specimen surface. 
At an undercooling of 258'c, the grains were much 
smaller (-40 ma) and faceting started to disappear. The 
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faceting disappeared completely when the undercooling was 
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>288 C. With the disappearance of facets, the presence of 
any dendrite in a grain could be identified more easily. For 
undercoolings >288"'c, only micrographs (from Fig. 5 onward) 
of specimens Nos.4 and 6 are shown since the features found 
here were characteristic of all specimens with undercoolings 
>288''c. From Fig. 5 onward, however, it is necessary to 
point out where the micrographs were taken on a specific 
specimen. Now all specimens studied here were heat treated 
in molten boron oxide inside a fused silica tube as shown in 
Fig. 4 (refer to Ref. [4] for details) . The designation of 
top, bottom and side of a specimen is indicated in the same 
figure. In Fig. 5(a), a microgragh of specimen No.4 
(undercooling = 288''c) is shown. This picture was taken from 
the top surface. It shows the presence of one and only one 
dendrite (compare with those in Ref. [1]) in practically 
each grain. In Fig. 5(b), the micrograph was taken from the 
side of the same specimen. The density of grains that 
contained a visible dendrite was substantially smaller. 
Fig. 5(c) shows the micrograph taken from the bottom of the 
same specimen and no dendrite was detected at all. 
For comparison, a micrograph of specimen No. 6 is shown 
in Fig. 6 to illustrate the correlation between undercooling 
and grain size (see Table I)• 
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Discussion 
Upon freezing, the volume of Ge is increased by .8.3%. 
At undercoolings 100—200"^C, during crystallization, a thin 
crust of crystalline Ge was formed first on the surface 
while inside the crust, it was still a liquid with dendrites 
embedded in it. On further solidification, some spots on the 
specimen surface were broken open and liquid Ge leaked 
through these holes which resulted in the formation of 
protrusions on the undercooled specimen as shown in Fig. l. 
This demonstrates that at small undercoolings, when the 
dendrites formed are relatively large (>>100 iim), 
interdendritic fluid flow is possible. In the least 
undercooled regime, where the structure was dominated by 
large grains, the crystallization was manifested clearly by 
a crystal-liquid interface sweeping across the specimen 
slowly. The expanded volume on solidification therefore 
resulted in a large protrusion on the surface of the 
undercooled specimen. 
Micrographs of 200°C and 232''c undercooled specimens 
indicate that grain refinement was due to multiplication of 
dendrites. This is further supported by the micrographs of 
specimen No. 4 shown in Fig. 5. On the top surface of the 
specimen [Fig. 5(a)],we see that almost every grain 
contained a dendrite. A smaller number of dendrites were 
found at the side [Fig. 5(b)] while no dendrite was detected 
at all at the bottom [Fig. 5(c) ] of the specimen. The result 
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is not unexpected : the density of the diamond cubic phase 
. G e is less than that of its liquid phase. Therefore 
crystalline Ge would float upward in undercooled liquid Ge. 
The appearance of dendrites on the specimen top surface was 
a result of this density difference. Also since dendrites 
float upward, a smaller number of them were observed at the 
side of the specimen and at the bottom of the specimen, no 
dendrites were found since they were embedded inside the 
grains. This observation again leads to the following 
conclusion: the high degree of polycrystallinity of a highly 
undercooled Ge is due to the multiplication or fragmentation 
of dendrites. 
In Ref. [4], we reported the detection of sound during 
crystallization of Ge for undercoolings >258''c. We also 
demonstrated that the origin of sound emission was due to 
cracking of the specimen and that was a result of grain 
multiplication. 
The correlation between grain size and the presence of 
dendrites led Devaud et al. [1] to suggest that the grain 
multiplication is due to dendritic break-up. We have 
illustrated above that multiplication of grain is due to 
multiplication or fragmentation of dendrites. Now in the 
present experimental arrangement, since the Ge drops were 
surrounded by boron oxide, the compressive wave (Ge expands 
on solidification) set up by the rapid dendritic growth 
recoiled from the liquid germanium-boron oxide interface [7] 
would hie minimized. It is likely then that the 
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multiplication of dendrites was not a result of dynamic 
nucleation [2]. Therefore, it is concluded that grain 
refinement is due to multiplication of dendrites and the 
multiplication of dendrites is due to dendritic break-up. 
The mechanism of dendritic break-up is not certain [I], one 
plausible explanation is as follows : when undercooled 
liquid Ge crystallizes into the diamond cubic phase, the 
volume is increased by -8.3%. Then upon crystallization, as 
a dendrite grows into the undercooled liquid, the liquid 
would be compressed together if it cannot relax fast 
enough. This would create a huge pressure on the dendrite 
itself and when the threshold is reached, it breaks and 
therefore gives rise to the grain multiplication. 
Our results indicate that sound emission during 
crystallization is due to the cracking of the specimen which 
originates from a change in its microstructure, i.e., grain 
multiplication that results from the multiplication of 
dendrites. In our experimental arrangement, since the Ge 
drops were surrounded by B^O^, the compressive wave recoiled 
from the liquid germanium-boron oxide interface during 
solidification would be minimized. It is suggested that 
dynamic nucleation was not important and grain 
multiplication was due to breaking up of dendrites. The 
exact mechanism of dendritic break-up is not known. However, 
it is likely that it is due to the stress effect as 
described above. 
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Table I 
Correlation between undercooling and grain size for Ge 
Specimen No. Undercooling Crack Grain size 
('C) (mn) 
1 200 no >>100 
2 232 no >75 
3 258 yes 30-40 
4 288 yes 15-30 
5 299 yes 15-25 
6 342 yes 5-15 
where grain size : the grain size (majority) observed on the 
surface of each specimen. 
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Fig. 1 A typical protrusion formed on an undercooled Ge 
specimen (AT^^ 200。C)• 
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Fig. 2 Microstructures of specimen No. 1 (AT^ = 200 C) 
(a) optical micrograph displaying the regular arrangement of 
grains, (b) SEM micrograph showing the role of dendrites as 
a seed, (c) SEM micrograph displaying the dendrite network 
and the columnar growth. 




Fig. 3 Optical micrograph of specimen No. 2 (AT^ = 23 2 C) 
displaying the random grain structure. 
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Fig. 4 Schematic diagram illustrating the designation top, 
side and bottom of Ge specimen. 
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Fig. 5 Optical micrographs of specimen No. 4 (AT^ = 288 C) 
(a) top, (b) side, (c) bottom. 




Fig. 6 Optical micrograph of specimen No. 6 (AT^ = 342 C) • 
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Abstract 
Undercooled molten Ge was allowed to solidify 
isothermally at undercoolings, AT, from 10 to 200''c under 
dehydrated boron oxide flux. It turned out that in addition 
to the <211> twin dendrite found by Billig and the <100> 
twin-free dendrite discovered by Devaud and Turnbull, there 
is a third novel twin dendrite, the <110> twin dendrite. The 
twin planes in a <110> dendrite always appear in multiple 
numbers and the orientation is {111}. These different kinds 
of dendrites exist at different initial interfacial 
undercoolings and the transition temperatures for <110> to 
<211>, <211> to <100> are AT = 61 and Sl^'c, respectively. 
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Introduction 
Solidification of undercooled Ge has been studied 
extensively in the past few decades. In the fifty's, Billig 
[1] investigated the crystal growth of Ge by pulling a seed 
from an undercooled molten Ge of undercooling, AT 乞 lO^'c. He 
recorded five important observations: the as grown Ge is 
lamella in shape, the growth direction is along <211>, the 
seed must be properly oriented to allow the <211> dendrite 
to grow indefinitely, all exposed surfaces are essentially 
the closest packed {111} planes and finally it requires 
rapid pulling of the seed from the undercooled melt in order 
for the <211> dendrite to grow, in other words, there is no 
crystal growth even if a seed is properly oriented in a 
undercooled Ge. Later, Billig and Holmes [2] found 
that for every lamella they grew, there were twin planes 
inside lying parallel to the main surfaces, i.e., the as 
grown Ge dendrites were twin dendrites, in contrast to those 
commonly observed in pure metals, where twin planes are 
absent. 
Wagner [3] examined closely the importance of the twin 
planes in the solidification of undercooled Ge. He found 
that when seeds of single twin plane were used for 
undercooled Ge of 10 ^ AT ^ 45'c, crystal growth could never 
be started. On the other hand, when seeds that contained at 
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least two twin planes were used, crystal growth was 
relatively easy by pulling these seeds rapidly from even 
nominally undercooled Ge liquid. With this new experimental 
evidence, Wagner suggested that since the free surface of 
the crystal must be bound by {111} planes, such restriction 
creates zig-zag edges on the main surface of the growing 
lamella sheet. The presence of another twin plane allows the 
formation of grooves and ridges at the edges of the lamella 
and the former then provide growing sites for atoms in the 
undercooled liquid without the need of nucleation. However, 
due to the zig-zag shape of the main face, these grooves 
will terminate with the formation of additional ridges, 
i.e. , further crystal growth at this part requires 
nucleation which is not desirable. With the introduction of 
a third layer or a second twin plane, a new groove can be 
created at the intersection plane with an adjacent groove 
that has just terminated. This procedure can provide 
perpetual growing sites without nucleation. The growing 
direction of such model lies along the six <211> consistent 
with experimental results. 
It has been demonstrated repeatedly that fluxing 
technique is a very effective method in eliminating 
impurities from a bulk specimen. Kui et al. [4] has been 
able to undercool molten to its glass state 
bypassing crystallization with a cooling rate of 1。C/s. 
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Later, Devaud and Turnbull [5] applied the same technique to 
elemental Ge, found that molten specimens of diameter 0.3 to 
0.5 mm could be undercooled 415±2crc below its thermodynamic 
melting temperature with a cooling rate of 10。C/s and grain 
refinement was observed at AT > 400''c. In order to study the 
mechanism of crystallization, tiny amount of tin (0.3 9at.% 
Sn) was introduced to mark the dendrites. For the first 
time, twin-free <100> dendrites were observed at initial 
interfacial undercoolings > 25o''c. However, no dendrite of 
any kind was detected for 160 < AT < 214^C. Moreover, grain 
refinement occurred at AT = 3 00"^C and the effect of the 
addition of minute amount of tin is therefore to lower the 
onset of the grain-refinement transition temperature. 
Recently, Lau and Kui [6] [7] again applied the fluxing 
technique to bulk elemental Ge (7-11 initi diameter) under 
controlled temperature environment. A cooling rate of 
6 。C/min was used. It is expected that quasi-thermodynamic 
equilibrium was achieved in the experiment. Instead of 
investigating the internal morphology, they examined the 
microstructure on the surface of the undercooled specimens. 
It was found that for 60 < AT < 342。(：，the crystallization 
is basically dendritic in nature. In particular, they 
observed that during solidification, dendrite forms first 
and it acts as a seed for the subsequent crystallization. 
Grain refinement occurs for AT > 23o'c and there is sound 
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emission at AT > 250''c. The origin of sound emission is 
attributed to a change in the microstructure. The dendrites 
themselves, however, were not studied, although it is quite 
certain that for those displayed on specimen surface with AT 
之 2 0 0 。 C are twin-free for they exhibited 4-fold symmetry. In 
this paper, the details of the dendrites found for 
AT ^ 10^C were investigated isothermally. The isothermal 
condition also allows us to determine the transition 
temperatures precisely. Interestingly, it was found that in 
addition to the <211> twin and the <100> twin free dendrite, 
there is a novel twin dendrite with <110> growth direction 
occurring in the least undercooled regime. In the following 
discussions, different kinds of dendrites are specified by 
their growth directions. 
Experimental 
Ge ingots of 99.999% purity and dehydrated boron oxide 
were put in a clean, dry fused silica tube of inner diameter 
11 mm. Then the whole system was heated up by a torch to 
1200'c under a vacuum of -10一3 Torr and prolonged heating 
was maintained for about 1 hour before it was transferred to 
a Transtemp furnace (The details of Transtemp furnace can be 
found in Ref [6]) with initial furnace temperature lying 
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between 737 to 927 This preassigned temperature then was 
the undercooling we chose for that particular run. There 
were two thermocouples at the center of the furnace. One of 
them was used to regulate the temperature of the furnace by 
means of a personal computer while the other was in touch 
with the 11 mm diameter fused silica tube to read the 
temperature of specimens. The output of the second 
thermocouple was connected to a X-T plotter. If 
crystallization occurred, a sharp peak would be recorded on 
the plotter due to the release of heat of crystallization. 
In the experiment, it was necessary to ensure 
temperature uniformity in order for the data to be 
meaningful. In an identical experimental arrangement, a 
third thermocouple was inserted into the boron oxide flux 
just above the molten specimen. This setup then went through 
the experimental cycles. It was confirmed that the 
temperature of boron oxide and molten specimen would attain 
the temperature of the furnace in less than 20 min after the 
system had been inserted into the Transtemp furnace of 
initial temperature ranging from 737 to 921。C. Therefore, 
for undercooled Ge specimens that crystallized in less than 
20 min after the system had been transferred into the 
Transtemp furnace, the resulting microstructure would not be 
accepted and the whole system was removed and heat treated 
by a torch again. For those thermally equilibrated 
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undercooled specimens, they were removed from the furnace 
and allowed to cool down in air to room temperature. The 
resulting surface and internal microstructure were 
chemically etched and examined by optical and scanning 
electron microscope. 
In the experiment, it was often found that molten Ge 
was very resistant to crystallization at small undercoolings 
even only after a short period of fluxing by boron oxide. 
Therefore, sporadic crystallization of molten Ge was not the 
best method in obtaining a large number of undercooled 
specimens. In a modified experimental arrangement, a fused 
silica rod of sharp end was suspended above the boron oxide 
during the heat treatment. After transferring the whole 
setup into the Transtemp furnace and the assurance of 
thermodynamic equilibrium, the fused silica rod with its 
sharp end was pushed forward passing through the boron oxide 
until it touched the molten specimen. In most cases, such 
disturbances caused spontaneous crystallization of the 
molten specimen at the point of contact. These initial 
crystallization sites were recorded since the crystallized 
morphologies at these points are representatives of the 
microstructures of the undercooled specimen at that 
particular undercooling. As indicated in the previous 
section, the present study showed the presence of a novel 
twin dendrite and the determination of the dendritic 
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transition temperatures, from <110> to <211> and from <211> 
to <100>. The effect of this seeded method as compared with 
those sporadic crystallization will be discussed in the 
following section. 
The characterizations of the different kinds of 
dendrites, which includes growth directions, identification 
and orientation of twin planes, were carried out by means of 
chemical etching method. Since dendrites could be found on 
the surface of undercooled specimens, their growth direction 
were determined by chemical etchant, WAg [8] (HFrHNO^iS^ aq. 
soln. AgNO^= 2:1:2): If triangular pits (their sides are 
parallel with <110> directiiions) appear on the dendritic 
surface, their orientation can be used to determine the 
growth direction (please see Ref,[1] for details). On the 
other hand, twin planes were buried beneath the free 
surface. It was necessary to introduce minute amount of tin 
into Ge specimen to mark the twin boundaries which were then 
subject to attack by CP4 (25 parts HNO^, 15 parts HF, 15 
parts glacial acetic acid and 0.3 parts bromine) . To find 
the orientation of the twin planes, it was also necessary to 
introduce small amount of tin to mark the twin planes. The 
exact procedure was as follows: a surface dendrite was first 
of all chosen. It was then cut perpendicular to its length 
near the two ends. These normal planes would intersect a 
twin plane at straight lines which could be revealed by CP4 
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as dark lines. Next, the dendrite was dissected along its 
length to a plane which was parallel to those dark lines. 
The nature of the as prepared plane was determined by 
superoxol etchant [9] [1:1:4 volume parts of H O (30%), HF 
(48%) and H^O respectively] • The effect of tin on the 
transition temperatures will be discussed in the following 
section. 
Results 
The solidification process that took place inside the 
Transtemp furnace could be observed visually. It was found 
that in the least undercooling regime, the solidification 
was characterized by needle-like dendrites, sometimes with 
wings, jutting out in all directions. Subsequent crystal 
growth on these dendrites completed the solidification 
process. In the deeper undercooled regime, solidification 
started with leaf-like structure spreading out on the 
surface of the undercooled liquid. This was followed by 
polyhedral growth with the leaf-like structure as seed. In 
the highly undercooled regime, when solidification occurred, 
a sudden flash was observed due to recalescence. The 
crystallization was so fast that visual identification of 
crystal growth front could not be detected. It is obvious 
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from the above observation that there may be two growth 
transitions occurring in the solidification of undercooled 
Ge. 
In order to identify different kinds of dendrites, twin 
or twin-free, and the growth morphological transition 
temperatures, solidification under isothermal condition was 
performed. Over fifty specimens were studied. The result of 
twenty eight specimens is listed in table 1 for comparison. 
Those with asterisks were resulting from sporadic 
crystallization while the rest from seeded method. It is 
emphasized in the previous section that two methods were 
used to obtain the undercooled specimens: one by sporadic 
nucleation and the other by seeding. It is clear from the 
table that both methods produce the identical microstructure 
at the same undercooling, in other words, there is no 
seeding effect on the transition temperatures. 
From table 1, the transition temperatures for the <110> 
to twin <211> dendrite, and the twin <211> to twin-free 
<100> dendrite occur at AT = 61 and 93 respectively. The 
details in each undercooling regime are discussed in the 
following paragraphs. 
For 10 ：^ AT ^ 60Oc, during crystallization, needle-like 
dendrites with wings jutted out on the surface of an 
undercooled specimen as shown in Fig. 1(a). Then this 
dendrite acts as a seed for the subsequent crystallization. 
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In Fig. 1(b), this same dendrite was treated with WAg. 
Triangular pits were seen all over its surface. In 
particular, the groove at the center, which is the 
needle-like dendrite, with triangular pits on one of its 
sides, indicates that the growth direction is along <110>. 
To find whether the <110> dendrites are twin, like the <211> 
twin dendrites found by Billig, they were cut perpendicular 
to their lengths and the cross-sections were etched with 
CP4. Twin planes were indeed found as shown by the somewhat 
darker line on the left hand side of the lower portion of 
the SEM micrograph in Fig. 2(a). The <110> twin dendrite 
that gives rise to the twin planes is located on the right 
hand side of the upper portion of the micrograph. It is 
clear that the twin planes are almost perpendicular to the 
free surface of the undercooled specimen. Now crystalline Ge 
is very brittle. The irregularity found at the middle of the 
picture is due to fracturing at the edge. In Fig. 2(b), the 
twin planes in Fig. 2(a) is enlarged. It is obvious from the 
micrograph that twin planes appear in pair. In fact, over 
fifteen <110> dendrites were dissected and all of them have 
more than one twin plane. Therefore, we conclude that the 
twin planes of the <110> dendrite appear in multiple 
numbers• 
A <110> twin dendrite was cut along its length at five 
different points including the two ends, it was found that 
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the separation of the twin planes remains about the same 
throughout its length. The dimension of a typical <110> 
dendrite is a few millimeters in length, a few hundred 
microns in width and a few microns in the separation of two 
adjacent twin planes. 
The nature of the twin planes was studied next. The 
detailed procedure of exposing the twin plane is discussed 
in the previous section. After obtaining a plane parallel to 
the twin planes, it was etched with superoxol solution. The 
result is shown in Fig. 2(c). Triangular pits are found all 
over it. The syimetry indicates that the twin plane is 
parallel to {111} planes, the same as that of <211> twin 
dendrites. Therefore, it can be concluded that in the 
undercooling regime from 10 to 60。(：：， crystallization is 
initiated by the formation of <110> dendrite, which contains 
multiple twin planes. 
o 
For undercoolings ranging from 61 to 93 C' 
crystallization initiated on a certain spot on the surface 
of the undercooled specimen. This then developed into 
leaf-like structure. A typical dendrite found in this regime 
is shown in Fig. 3(a). The same dendrite was then etched 
with WAg. The orientation of the triangular pits appeared on 
the surface verifies that its growth direction is <211> [see 
Fig. 3(b)]. By dissecting a <211> twin dendrite 
perpendicular to its length and etching with CP4 solution, 
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characteristic lines of twin planes or subboundaries are 
found as shown in the SEM micrograph in Fig. 4. The arrow 
shown in the same figure indicates the position of the <211> 
dendrite. It is still necessary to confirm that these dark 
lines are indeed resulting from twin planes, not from 
subboundaries. Two procedures were carried out: In the first 
method, high magnification of the dark lines were taken. A 
typical high magnification SEM micrograph is shown in 
Fig. 5 • It shows the absence of dislocation pits, 
characteristic of small angle grain boundaries. In the second 
method, a <211> twin dendrite was dissected perpendicular to 
its length and the exposed surface was then chemically 
etched with WAg solution. The resulting microstructure is 
shown in Fig. 6(a). It is somewhat difficult to identify 
those important features with Fig. 6(a) alone. Hand drawing 
pictures, i.e., Fig. 6(b) and 6 (c) are used to illustrate 
its essential features. Before etching, the SEM micrograph 
indicates two dark lines as shown in Fig. 4, which is 
reproduced by hand drawing in Fig. 6(b). After chemically 
etching with WAg, the surface is shown in Fig. 6(a). 
Triangular pits are found on the cross-sections. However, 
they are somewhat distorted for the etched planes are 
slightly deviated from {111}. There are four planes instead 
of two that can be identified as twin planes for the 
triangular pits are mirror image of each other when crossing 
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each of the planes as shown in Fig. 6(c) in which the short 
parallel lines are the base lines of the triangle pits shown 
in Fig. 6(a). Therefore, the curved dark lines found in this 
undercooling regime are indeed twin planes which are unlike 
those straight twin planes found in <110> twin dendrite. It 
can be concluded then that the dendrites located in this 
undercooling regime are those <211> twin dendrites first 
discovered by Billig. 
For 93 ^ AT ^ 200 "^ C, crystallization was so fast that 
visual identification of growth morphology during 
solidification was impossible. The surface structure, 
however, are quite easily distinguishable from other 
undercooling regimes. In Fig. 7(a) an optical micrograph of 
a typical dendrite is shown. It clearly displays the 4-fold 
symmetry. This is just the <100> twin free dendrite first 
discovered by Devaud and Turnbull. In order to confirm the 
untwin structure, a <100> dendrite was cut perpendicular to 
its length and the as prepared surface was then etched by 
CP4 solution. No twin plane was revealed indicating that the 
<100> dendrite is indeed twin-free, just like the ordinary 
ones found in metals. The crystallization mode in this 
undercooling regime is dendritic in nature which is clearly 
shown in Fig. 7(b). 
For AT > 200^C, the dendrites are all <100> twin-free 
dendrites as discussed in Ref. [7]. A typical <100> dendrite 
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at high undercooling is shown in Fig. 7(c), which clearly 
displays the 4-fold symmetry. 
It has been emphasized that the crystallization process 
is very different for the three kinds of dendrites. In fact, 
their solidification behavior can be viewed through the 
Transtemp furnace without any difficulty. In table 1, the 
specimens used were all pure Ge (99.999% purity) . However, 
it must be emphasized again that it is necessary to 
introduce minute amount of tin to study twin plane. The 
effect of the presence of minute amount of tin to the onset 
of grain refinement of undercooled Ge has been studied by 
Devaud and Turnbull. It was also demonstrated in the present 
study that the introduction of minute amount of tin does not 
change the three different kinds crystallization 
morphologies. However, they have a marked influence on the 
transition temperatures. The details of which will be 
discussed in a later publication. 
Discussion 
The dendritic transition that occurs at AT = Sl^'c is 
indeed a transition in the growth direction since both types 
of dendrites share the same twin plane {111}. Such a 
transition is consistent with earlier results. Billig and 
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others found that in forming the <211> twin dendrites from 
an undercooled Ge melt of AT -lO^'c, it is necessary to pull 
the seed rapidly from the melt. Otherwise, the <211> twin 
dendrite would not form at all. Now the rapid vertical 
pulling from the undercooled melt essentially means faster 
cooling of those melt adjacent to the seed until an 
undercooling greater than ei^'c was reached to favor the 
formation of <211> twin dendrite. 
Cahn [10] has pointed out that at high undercoolings, 
the solid-liquid interface would become roughened to bring 
about the transition from edgewise to continuous normal 
growth. In the case of Ge, at AT = the solid-liquid 
interface is roughened enough for the edgewise to continuous 
normal growth to occur. 
In conclusion, we have found a novel twin dendrite, 
growing in the <110> directions. The transition temperature 
for the <110> to <211> is at AT = ei/c. Since they are 
sharing the same twin plane, the transition is in fact a 
transition in the growth direction. For the twin <211> to 
twin-free <100> dendrite, the transition temperature is at 
AT = 93。C. 
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Table 1 
Correlation between undercooling and direction of dendritic 
growth for Ge 
Specimen no. Undercooling(°C) Direction of dendrite 
1 10 <110> 
2 19 <110> 
3 30 <110> 
4 41 <110> 
5* 50 <110> 
6 53 <110> 
7* 60 <110> 
8 60 <110> 
9 61 <211> 
10* 61 <211> 
11 62 <211> 
12* 64 <211> 
13 76 <211> 
14 80 <211> 
15* 90 <211> 
16 91 <211> 
17 93 <100> 
18* 95 <100> 
19 100 <100> 
20 105 <100> 
21 108 <100> 
22 114 <100> 
23 125 <100> 
24* 129 <100> 
25 142 <100> 
26 151 <100> 
27 160 <100> 
28 200 <100> 
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Fig. 1 (a) SEM micrograph of a <110> dendrite. (b) SEM 
micrograph of the <110> dendrite after 1 min WAg etch. 
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Fig. 2 (a) SEN micrograph showing the <110> dendrite on 
specimen surface and twin planes on the cross-section, 
(b) Cross-section of <110> dendrite illustrating twin 
planes• (c) Pits on a surface parallel to twin plane of 
<110> dendrite. 
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Fig. 3 (a) Optical micrograph of a <211> dendrite, (b) SEM 
micrograph of <211> dendrite after 1 min WAg etch. 
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Fig. 4 Cross-section of <211> dendrite after CP4 etch. The 
arrow shows the position of the dendrite that gives rise to 
the twin planes. 
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Fig. 5 SEM micrograph of the twin line of <211> dendrite. 
(mag. X 4400). 
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Fig. 6 (a) Cross-section of <211> dendrite after WAg etch, 
(b) Schematic diagram of (a) before etching, c) Schematic 
diagram of (a) after etching. 
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Fig. 7 (a) Optical micrograph showing the 4-fold dendrite 
at 108Oc undercooling, (b) Optical micrograph illustrating 
the dendritic network obtained at 200''c undercooling, 
(c) SEM micrograph illustrating dendrite after dendritic 
break-up. 
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Chapter Seven 
On the Growth of <110> Twin Dendrite in Undercooled Ge 
(to be published) 
C.F. Lau and H.W. Kui 
Department of Physics, The Chinese University of Hong Kong, 
Shatin, N.T., Hong Kong. 
Abstract 
The microstructures of <110> twin dendrites are studied 
in detail. It is found that the periphery surfaces of the 
dendrite are all {111} planes. A <110> twin dendrite model 
is constructed to explain the growth morphology. The model 
predicts the absence of branching except in the initial 
stage, which is indeed observed experimentally. From the 
model, it turns out that the <110> growth is indeed a 
combination of two <211> twin dendritic growth if the latter 
ones can maintain their coherency. Finally, the <110> to 
<211> dendritic transition is attributed to the break-up of 
the coherent growth of the two <211> dendritic growths. 
4-1 
Introductinn 
When an undercooled molten Ge solidifies, the 
crystallization is dendritic in nature, i.e., dendrites form 
first and they are seeds for the subsequent crystal growth. 
Furthermore, there are three different kinds of dendrites 
which appear at different initial bulk undercooling, 
AT = Tm - T. In the following, the different kinds of 
dendrites are specified by their growth directions. 
In the highest undercooling regime, i.e., for 
93 AT s 3420c, during crystallization, Devaud and Turnbull 
[1] discovered that <100> twin free dendrites form first and 
they are seeds for further crystal growth. The growth of 
these <100> dendrites are of the continuous normal type, 
just like those in metallic systems. Grain refinement occurs 
for AT > 300''c. One of the possible mechanisms for grain 
refinement is due to dendritic break-up [1] [2]. 
For 60 ^ AT < 93OC, Billig [3] and Billig and Holmes 
[4] found that <211> twin dendrites first nucleate and again 
they play the role as seeds for subsequent crystallization. 
The growth of this class of dendrites relies on the presence 
of twin planes, which when present in multiple numbers, can 
provide perpetual growing sites, i.e., without the need of 
nucleation, for dendritic growth [5] . Moreover, the 
orientation of the twin plane is {111}. 
In the least undercooling regime, i.e., for AT ^ 
Lau and Kui [6] found that the crystallization is also 
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dendritic in nature. This time, <lio> dendrites appear 
initially and solidification begins on these sites. These 
<110> dendrites are again twin and its orientation is {111}, 
same as that in <211> twin dendrite. Also, the twin planes 
appear in multiple numbers. However, the exact growth 
mechanism for these newly found twin dendrites remains 
unknown. In this paper, a model is proposed for their growth 
mechanism. 
Experimental 
In order to undercool molten Ge below its thermodynamic 
melting temperature, it must be purified in advance. In the 
present studies, the purification was achieved by fluxing 
molten Ge in dehydrated boron oxide at an elevated 
temperature (please refer to Ref. [7] [8] for details). In 
the experiment, Ge ingots (99.999% pure) and anhydrous 
B^O^ pieces were put into a clean fused silica tube of 
diameter 11 mm. Then the whole system was pumped down to 
_ 3 
-10 Torr by a mechanical pump which would be operating in 
the entire run. 
The Ge specimen and B^O^ were heated up by a torch to 
about 1200""c for 2 hr before transferring it to a Transtemp 
furnace [8] which was set at a temperature 877 < T < 937^C 
(the thermodynamic melting temperature of Ge is 937°C), in 
other words, Ge was allowed to crystallize at an initial 
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bulk undercooling of 0 < AT < 60。。， in which it favoured the 
formation of <110> twin dendrites [6]. It was demonstrated 
in an earlier study that the system would achieve 
thermodynamic equilibrium with the furnace after it had been 
inserted into the furnace for more than 20 minutes. 
Therefore, for those cases in which the molten specimen 
crystallized in less than 20 minutes, the system was removed 
from the furnace and heat treated by the torch again. 
For those resisted crystallization during this initial 
period, it turned out that sporadic nucleation would not 
occur readily. In addition, when a molten specimen underwent 
sporadic crystallization, it was rather difficult to locate 
the first dendrite, which was the characteristic feature at 
this particular undercooling, AT. These problems were 
resolved by seeding the molten specimen with a sharp, clean 
fused silica rod, which was suspended above the B O during 
the the fluxing process, to initiate crystallization. 
Chemical etching method was performed to characterize 
these as obtained dendrites. To investigate the orientation 
and identify the ridge and groove structure on the surface 
of an <110> twin dendrite, it was etched by WAg (HF:HN0^:5% 
aq. solution AgNO^ = 2:1:2) [3] for 30 s. The 30 s was an 
optimum time for it was long enough to create regular pits 
on the {111} planes while it left the surface the minimum 
surface damage. Twin planes were embarked inside the 
dendrite. They were revealed by first cutting the dendrite 
perpendicular to its length and then etched with WAg for 
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1 min. The chemical etched surfaces were studied by means of 
optical microscope and scanning electron microscope (SEM)• 
Results 
A typical <110> twin dendrite is shown in Fig. 1(a). 
Its appearance resembles a tree leaf. There are sharp lines 
lying at the center of the dendrite. The origin of which 
will be discussed below. The cross-section of this <110> 
dendrite, after etching in WAg for 1 min, reveals the 
presence of two twin planes as indicated by the arrows in 
Fig. 1(b). The twin nature is confirmed by the symmetry of 
the etched pits. Indeed, over fifteen <110> dendrites were 
studied and it was found that each contained at least two 
twin planes. Therefore, we conclude that in an <110> twin 
dendrite, twin planes always appear in multiple numbers [6]. 
These twin planes lie approximately perpendicular to the 
free surface of the undercooled specimen as discussed in 
Ref. [6] . When they terminate at the free surface, sharp 
lines appear at the center of the dendrite as mentioned 
above. The identification of the sharp lines as twin planes 
is depicted in a SEM micrograph in Fig. 2. The bright 
surface at the top of the picture is the cross-section and 
lower portion is the free surface after etching. The edge of 
the cross-section is quite irregular due to fracturing 
during cutting. The <110> dendrites are those with ridges on 
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- t h e free surface while the strips appeared on the 
cross-section are twin planes. The identification of these 
boundaries as twin planes will be discussed in the next 
paragraphs. In the figure, the strips clearly join the 
ridges which illustrate that the sharp lines displayed on 
the free surface are twin planes. 
The free surface of the <110> twin dendrite is studied 
next. The free surface which is .always nearly perpendicular 
to the twin planes is in fact the periphery of the minor 
external boundary of the dendrite. Fig. 3 displays the free 
surface of an etched dendrite in WAg for 30 s. There are 
four important features in 七 h i s micrograph: two wide strips 
and a sharp boundary, quadrilateral pits inside 七 he wide 
s t r i p s ,七 riangulai: pits, and the oirientation of 七 he 
triangular pits. Their implications will be discussed 
individually. 
• 二 
The triangular pits indicates that the {ill} planes are 
exposed on the free surface. In order to study the 
characteristic of the strip, the as etched specimen shown in 
Fig. 4(a) (enlarged SEM micrograph of Fig. 3) was again 
etched in WAg for another 30 s and the final morphology is 
shown in Fig. 4(b). The major difference between the 
microstructures is the widening of the strip after further 
etching in WAg for another 30 s displacing the neighboring 
{111} planes. It can therefore be concluded that this strip 
is a boundary. Furthermore, a careful examination of the 
t 
internal structure of the strip reveals a fainted line at 
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the center, which is a symmetric bisector of the 
quadrilateral pits and a bisector of the triangular pits 
further away. Therefore, it is concluded that the fainted 
line is in fact a twin plane. 
Although the wide strip and the sharp boundary are both 
twin planes, the arrangement of triangular pits surrounding 
them are distinctly different. The triangular pits are 
pointing away from the wide strip while those near the sharp 
twin planes are pointing towards it. Bennett and Longini [9] 
demonstrated that the triangular pits produced by WAg on 
(111) plane point in the three <211> directions. Therefore, 
the geometry for these two twin planes must be different. In 
the following, Bennett and Logini's result will be used in 
differentiating the two structures. Consider a (111) plane 
with a triangular pit on it as shown in Fig. 5(a). The 
triangular pit is pointing to the left of the figure in 
[211] direction, which implies that the base line of the 
triangular is along [Oil] . Two (ill) planes, A and B, 
intersect (111) plane along [Oil] are drawn on the opposite 
sides of the triangular pit. From simple geometric analysis, 
plane A and B intersect (111) plane at an angle of 109.5° 
and 70.50 , respectively. Since the <110> twin dendrite has 
{111} twin plane, plane A and B can be regarded as twin 
boundaries. A crystal twinned at plane A and B is depicted 
in Fig. 5(b), in which a groove of L 141。is formed on the 
left hand side while a ridge of L 219'' is found on the right 
hand side. Therefore, we have demonstrated that after 
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etching in WAg' triangular pits point towards a groove and 
away from a ridge. In other words, in Fig. 3, the wide 
boundary is a ridge and the sharp one is a groove. We can 
conclude from the above considerations that the narrow side 
of the <110> twin dendrite is bounded by alternating ridges 
and grooves. 
Another vivid demonstration of this alternating ridge 
and groove morphology is shown in Fig. 2 [a hand drawing of 
this micrograph is shown in Fig. 6(a) for clarity]. The wide 
strips are ridges while those sharp lines are grooves. The 
three surfaces displayed are all {111} planes for triangular 
pits are all over their surfaces. In addition, it can be 
seen that a ridge is joined to a groove and vise versa when 
crossing from one {111} plane to its adjacent closest packed 
plane. 
Discussion 
It was demonstrated that the periphery surfaces of the 
<110> twin dendrite are bounded by {111} planes and the twin 
boundaries are {111} planes. We proposed here that during 
dendritic growth, the growth front is also bounded by {111} 
planes, same as that in the <211> dendritic growth proposed 
by Wagner. According to this assertion, the growth front of 
one of the <110> twin dendrite in Fig. 6(a) can be 
represented by the diagram in Fig. 6(b) (for those dendrites 
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with more than two twin planes, the analysis below also 
applies)• This is basically the same platelet used as a seed 
crystal in Ref [5] . There are a few characteristic features 
in this picture. At the growth front, all six surfaces are 
bounded by {111} planes. The intersections of these {ill} 
planes form ridges and grooves. Also, the ridges are joined 
to grooves and vise versa. Furthermore, the side faces of 
the dendrite are formed by two sets of parallel {ill} planes 
as shown in the same figure. In the following, the growth of 
<110> twin dendrite with one twin plane and multiple twin 
planes will be discussed. 
According to Wagner's model [5], groove formed by twin 
planes can provide growth sites for crystal growth of the 
<211> twin dendrite without the need of nucleation. Since 
multiple twin planes are found in <110> twin dendrite, 
Wagner‘s growth model is also applied to the present case. 
In Fig. 6(b), there are two grooves in the [101] dendrite 
growth front, which can provide perpetual growth sites 
without nucleation in the directions [211] and [112] 
independently. However, simultaneously crystal growth of the 
two grooves would result in a net growth direction along 
[101]. The detail is described as follows: when the groove 
in the upper portion of the growth front advances by one 
layer along [211], ledges are left at line AB, BK and KL. 
Meanwhile at the lower half of the growth front, the groove 
which has the same environment as the one above it would 
also move one layer ahead in [112] direction. As a result, 
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ledges at line CB, BK and KH are left behind. At BK, in 
order to join the two planes together as shown in Fig. 6(b), 
it is necessary to insert Ge atoms into the gap along line 
BK. This process can be done quite readily since Ge atoms 
that are put here can form two bonds except the first one 
which only form one bond initially. Also, grooves are formed 
at the intersection point of AB and BC, and KL and KH, which 
provide growth sites to complete the crystal growth at the 
outermost layer, i.e., by this growth mechanism, the Ge 
growth front has stepped one atomic layer forward and the 
overall growth direction is along [101], the same as that 
observed experimentally. 
The front view of an equilibrium shape of a Ge seed 
with twin planes is shown in Fig. 7. It is obvious from the 
diagram that branching should occur for the growths in any 
of the <110> directions are equally likely. Indeed, we did 
observe <110> twin dendrites coming out from a common 
origin. Now, the observation of branching at a common origin 
is very unusual for in almost all cases, the twin planes are 
nearly perpendicular to the free surface. On the other hand, 
once an <110> twin dendrite juts out of the seed, since it 
is surrounded by two sets of parallel planes. Branching is 
not expected along the length of the <110> twin dendrite as 
observed experimentally. 
It has been emphasized that multiple twin planes are 
needed for the continuous growth of the <110> twin dendrite. 
Now in the presence of only one twin plane the growth will 
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soon terminate as described below (please also see Ref [5] 
for details)• The groove is represented atomically in 
Fig. 8(a) . The twin plane is at the center of the picture. 
The open circles are those Ge atoms at the surface of the 
growth front that still have one free bond while the close 
circles are Ge atoms that are slightly below the rest and 
they are fully bonded to others. The twin plane provides 
sites for crystal growth and it can be seen that with a 
further layer of atoms covering that in Fig. 8(a), the 
overall number of atoms appeared on the surface of the 
growth front is reduced as shown in Fig. 8(b). Repeated 
growth clearly eliminates the whole groove structure leaving 
only ridge morphology behind. Further growth on the ridge is 
rather difficult for it requires nucleation. 
Kinetically, the <110> twin dendrite occurs for 
AT ：^  G c T c while the <211> twin dendrite forms for 
60 < AT < 93""c. Since both of them have the same twin 
planes, the dendritic transition at AT = eo^'c is in fact a 
transition in the growth direction. The basic difference 
between the model proposed by Wagner for the <211> twin 
dendrite and that for the <110> twin dendrite proposed here 
is: at temperatures above AT ^ 60 C, the growths in [112] 
and [211] advance simultaneously while for AT > 60°C, the 
growths in [112] and [211] have no correlation at all. There 
are two plausible mechanisms that lead to the instability. 
Firstly, atomic attachment rates from the liquid side to 
crystalline Ge increase with undercooling. At small 
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u n d e r c o o l i n g , t he growth rate is so slow t h a t only a few 
ledges exist on a flat {111} plane and consequently at the 
ridge BK, coherency is always maintained. On the other hand, 
when the undercooling is sufficiently large, the growth 
rates are so fast that disorder is created at ridge BK which 
b r e a k s t h e si m u l t a n e o u s l y growth in the [II2] and [211] 
directions. 
The normal growth velocity of the dendrite surely 
depends on the separation of the twin planes. If the twin 
plane separation is large enough, it may happen that before 
a complete single layer is formed, a second layer is already 
prepared to spread out from the groove. Therefore, the 
crystal growth front is terraced. When this happens, ridge 
BK is not a well defined ridge and it is expected that the 
crystal growth along [112] and [211] would be quite 
independent. This is the second possible mechanism. 
In conclusion, we have demonstrated that the <110> twin 
dendrite is bounded by {111} periphery surfaces. 
Microscopically, the <110> twin dendrite in fact does not 
grow in the <110> direction. It is a net growth from two 
<211> dendritic growths. Finally, the <110> to <211> 
dendritic transition is attributed to a break-up of the 
coherent growth of the two <211> dendritic growth 
microscopically. 
6 - 1 2 
50 um 
Fig. 1 (a) Optical micrograph of a <110> dendrite. 
6 - 1 3 
i 
50 jLim 
Fig. 1 (b) Cross-section of the <110> dendrite after 1 min 
WAg etch. 
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I H ^ 
1 0 0 jLtm 
Fig. 2 SEM micrograph showing a <110> dendrite on specimen 
surface and twin planes on the cross-section. 
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mmmm 
j 
2 0 um 
Fig. 3 SEM micrograph of a <110> dendrite after 30s WAg 
etch. 
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l ^ f f l 
2 0 jLtm 
4(b) 
Fig. 4 SEM micrographs of the <110> dendrite after (a) 30s, 
(b) an additional 30s WAg etch. 
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⑶ ：〜少 
J 70.5 B L 
109.5° 
o 
Plane A Plane B ^ 
Fig. 5 Schematic diagram showing the directions of triangular pit(s) 
on (111) plane(s) of (a) a single crystal, (b) a twinned crystal. 
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Groove 
E t o h : 
Dendrite surface y w / X ^ ^ y v / / 
il n ^ ^ n 
Twin planes 
Fig. 6(a) Schematic diagram displaying etch morphologies of the Ge specimen 
of Fig. 2. 
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/ / / / 一 [ 而 
_ 
(111) 
Fig. 6(b) Germanium crystal containing two twin planes. 
7 - 2 1 
[1 一 01] 
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Liquid 
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[011 ] - — — S o l i d ^ ^ G e seed 
\ Solid ) 
\ 
[110] 
Fig. 7 Front view of an equilibrium shape of a Ge seed showing the 
branching of a <110> dendrite. 
6 - 2 2 
9-A 
Fig. 8 Atomic layers of a groove projected on {111} planes where 
the open circles are on the {111} and the close circles are slightly 
below the {111} planes. Layer (a) is covered by layer (b). 
6 - 2 3 
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